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1. The Fi el e Invention The present plpygskisRs | S
related to opt"?%gjmE t hods and apparatus for the non-contact 5

I nspection and characterization of a surface. Mre particularly, the
present inventi on METROBSAND APPARATUS FORMWCHA ERIZING ASTURFACE
approximating the "spectral integrated scatter” function of a

surface, thereby permtting the total integrated scatter of the surface

over any desired spati al fr e BACRGROUND to be determ ned.
2. Techni cal Background 10 The ability to accurately neasure
physi cal* properties of a surface is inportant in a vari ety of

appl i cations. Such,physi@m&w ncl ude roughness, texture,

wavi ness, and information relating to the profile of the surface.
The neasure of suc@heppsgsintisventionisaclated to optical methods angkapparatus forikg nanrcomtagtly as
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to qui ckly andreqaéncy imiiemberdetepninédace roughness as precisely as

possi ble. Current technol ogy trends are noving toward surface texture

| evel s requiring surface neasurenment down to about the 10 Angstrom
l evel . It would bezpref#@wmace 20 roughness coul d be neasured
to wwthin 1 Angstrom or 1|ess. O her applications where

preci se fBughness Hbasbilityiepacuratelemensure physicel RraRartirgof ¢ pusface is importasbitggut er
chi p et er | AUt b adphlcdBRY! SiEh Hiysidf HidoRicl BcRie roukhnel 1elfitd, yAlingisl i1 ¢ e

front sur s .snmooth as possible an at” the
back side of titfermmionrelitingfto thepiiile ofghe surface. Thg measwofrsuchyphysical propgrties is

Al so, the opti | R | .l 3 [y or manufacturers, desires
hi gh- pr eci si orF%gém“ﬂg}é%%%éisﬁr gﬂrfaliadﬁfe%@éi %:/sedg}a% gauge the quality of the

surfaces of their dptemspleSnche fighd ofcomputer hardware, it i preferabld thatexopipoteehard n
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surface. A industry. PA® & ghalifEdoftrol ifeadite, haflgitkemafufastugdis desiiey hdsurement device
profilometer O\Bﬁéha&glﬁd gém?trtﬁqu itonq%icilysatnx legs?ly measure surface roughness as precisely as
possible. Current technology trends are moving toward surface texture levels requiring
surface measurement down to about the 10 Angstrom level. 1t would be preferable if surface

20 roughness could be measured to within 1 Angstrom or less.

Other applications where precise roughness measurements are desirable include the
computer chip wafer industry. In manufacturing chip wafers, it is desirable that the front
surface of the wafer be as smooth as possible and that the back side of the wafer is finished to
a known roughness.

25 Also, the optical industry, particularly mirror manufacturers, desires high-precision
measurement devices to gauge the quality of the surfaces of their optics. Such optics are
typically employed in imaging systems such as those utilized in telescopes and satellites.

Some surface characterization instruments operate by contacting the surface. A
profilometer is an example of such a device. A profilometer operates by dragging a stylus

30 across a surface. The stylus is physically connected to a recorder which traces the profile of
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PC¥/ US96/ 18723 the surface. Mathematical analysis of the profile
may be conducted to determ ne physi cal properties of the surface.
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scatteroneter 20 One smaewoﬁﬁctoﬁd!ticaﬂmkdﬂde&i&e isahe ichersmakt €To medduepher e,
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generally accurate. For isotropic surfaces, the total roughness is determined by performing

three-dimensional integration on the power spectrat density function. However, if the surface
is nonisotropic, such as surfaces having a “lay” to them or randomly rough surfaces, a scat-
25 terometer may produce grossly inaccurate results.

One method for characterizing nonisotropic surfaces is to measure the scatter intensity
at every potnt in the scatter hemisphere. The sample data can then be manually integrated to
determine the roughness. Such a method can be performed with an “out-of-plane”
scatterometer. This method is extremely time consuming and is therefore not practical for

30 most applications which require rapid inspection and analysis.
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g gO through which a beam of?lght may be directed into the dev%e A sampling aperture on the

other end of the sphere permits the light to be directed onto the surface and allows light
scattered off the surface to enter the sphere. An output aperture is also configured into the
sphere for permitting the reflected specular beam to exit the sphere. Thus, the light scattered
off the surface remains within the sphere and its intensity can be measured with a detector.

25 Advantageously, this method measures all of the scattered light regardless of variations in the
surface.

Because the integrating sphere captures all of the scattered light, it performs a physical

integration of the power spectral density function. Because the integration is performed
directly by the sphere, some specific information about the power spectral density function is

30 not obtained. For example, information regarding the slope of the function is not obtained.



Because the integrating sphere captures all of the scattered light, it

perfornms a physi cal i ntegration of the power spectral density
function. Because the integration is perforned directly by the
sSphere, sone s CIfIC i nformati on about the power spectral densit unction
is 30 not W &? M%d. For exanple, information regarding 'qué’sgf/i/ﬂ?@ of the
function is not obtained.
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optics and t eain brapy thepsby allpving samestran fight tosenter thesphsreect i ve size of the
input 15 apeAndiher metRsa &mdmfg%wﬁghmm the ph&e Wts ﬁlcfeeie tﬁé dls@‘.ce
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apertur @ much of Thsige of the output aperture also affects the amount of stray llght contamed within

the sphere. The stray light introduced by the source optics is concentrated in the region sur-
rounding the main beam. Thus, by increasing the size of the output aperture, much of this
stray light will exit the sphere and therefore not be measured. However, much of the light
scattered off the surface is also concentrated around the area of the main beam. Hence,

25 increasing the size of the output aperture permits more scattered light to exit the sphere,
thereby decreasing sensitivity of the instrument.

Additionally, the range of spatial frequencies over which the sphere integrates is

determined in part by the size of the output aperture. If the size of the output aperture can be
kept to a minimum, the range of spatial frequencies over which the sphere may integrate is

30 increased.



SNSRI TIERITSRS s e e

stray light will exit the sphere and therefore not be neasured. However,
much of the |ight scattered off the surface is also concentrated
around the area of the nain beam Hence, 25 i ncreasing the size of the
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t her eby decreasing sensitivity of the instrunent.
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BRIEF SUMMARY AND OBJECTS OF THE INVENTION

The present invention is directed to novel apparatus and methods for approximating
20 the total integrated scatter of a surface. In accordance with one method of the present
invention, a plurality of bands of spatial frequencies is selected with each band having an upper
and a lower limit. This is preferably done by selecting two bands of spatial frequencies with
the first band having an upper limit () and a lower limit (£;) and the second band having an
upper limit (f;) and a lower limit (f,). In one preferred method, f,, £, f;. and 7, are selected
25 such that the following relationship is satisfied: '

h_h
A
Preferably, £, and £, are selected such that £, equals f;.
A beam of light having a known wavelength is directed onto the surface at a known

incident angle with respect to the surface. The total scatter of light corresponding to each of

-5-
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where 778 is the total integrated scatter over desired spatial frequency limits and 0, is the
incident angle of the beam of light with respect to the normal of the surface.

20 In accordance with one preferred method, the beam of light is directed onto the surface
at an incident angle (0,) less than about 10 degrees with respect to the normal of the surface.
The RMS roughness (a) for a surface whose roughness is less than the wavelength of the beam

of light (A) may then be determined according to the following equation:
A
= ....‘/HS .
0 4%

One preferred apparatus for practicing the present invention includes a system for
25 characterizing a surface by approximating the spectral integrated scatter function of the

surface over the entire range of spatial frequencies. This system includes a light source
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In accordance with this alternative nmethod, the RMS
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redet er m ned vel.e h ersl). Iln.a esent.l nef er - .. red.

Eyst em the Ii‘évg‘t"p%%ﬁ'ie@réigﬁg?%%ee'g’y&el aagz’é?re’t?ég' r. 21, other optica '"{55'3?"['5 oned
adj acgnt hmhe |¢¥@1&§ maiﬁéd:ia_aaﬁo@%mwtmtl}tpéai(cﬁiﬁgs‘ciml;wbrgseﬁttihmtiémanh@mhmy i ghlt
toward the surface at an. incident angle ([err],) wt espect to the norma
of the surfacef™® e’Sb"g““e“b fﬁ}r"PF'fg"ém‘e e deice 1 EF?'E’&J%S?'F' t he surface
to thereby create erhegpHeRGk 66hfigRE Withfan RPRIApAREre, a sampling ffeAhleCirGn ot -

A first optical integrating device is positioned and configured to receive
a first porti ogperture. The light squrge, squsge; Qptigy) and sphere are Rositipead sheh thatghebeaming

portion of scajghphay bedifecte® tHaith thd mpitABertuld @hrough the sampling aperture, and onto the

15 surface, and such that the second portion of the scattered light and the specular beam are

SN
(62}

directed out of the sphere through the output aperture.

The first optical integrating device is configured such that the first portion of the
scattered light received by the first optical integrating device extends from a first scatter angle
(8,) to a second scatter angle (8,) and such that the second portion of the scattered light

20 which passes through the first optical integrating device extends from a third scatter angle (0,)
to a fourth scatter angle (6,). It is presently preferred that the scatter angles (0,) be selected
to correspond to predetermined spatial frequencies (f,) of the surface such that the following
relationship is satisfied: 8, = sin”(sin0, - £,A). Thus, the scatter angles are measured from the
direction of the reflected specular beam.

25 ~ A second optical integrating device is positioned and configured to receive the second
portion of the scattered light. Additionaliy, the second optical integrating device is configured
to permit the specular beam to pass through the second optical integrating device. Like the
first optical integrating device, the second optiéa! integrating device may include an integrating
sphere, a mirror, a lens, or other devices capable of suitable configuration. The second optical

30 integrating device preferably comprises a focusing mirror configured with an output aperture

through which the specular beam may pass.



first ,optical integrating device may be a sphere, a mrror, a lens, or

ot her optical integrating 10 device nodified in accordance with the

t eachi ngs of the present invention. In a presently preferred
énbodi nment , optical integrating device is a hollow sphere.

The sphere is @3%°F%ured with an input aperture, a sanpli nd’C%E?‘i’W’é, and
an out put aperture. The |ight source, source optics, and sphere are
posi tioned such tiraé sduf® dpfidsiré®éonfigured such tiafile sﬁé%lﬂapﬁeam i E&sﬁtﬁﬁe& RiRHo the
I nput aperture, through the sanpling aperture, and onto surface,
and such t hatutpybapseutsaf thedpeusing mimor; Peefesably,thowevtr) thgmurmtlchfecwbcul ar
beam are L& # h the output aperture.
The first opt?caﬂ mﬁ‘g*?%t({a t ee\’;t}){:é:o ?ﬁsmgon tgp'&'(r?ééjlg such that the first
portion of the  The appamtot' élewsemgmmmcalsbmwdm firsedetectar tposipioried ad

i nt egratg¢ ng r fh. to a

second ssc att g?‘%ﬁg @éﬁ\ﬁ@?ﬁ?ﬁe anaggl?(r:' E ?]tte f h§@c g%ﬁ”%#?’fwsﬂfh

scattered | i okich2f integratiigispliergia smployéd) thedgteciohis niountell irhé wWaRbf ihessiarat | NQg

devi ce extends fr ma t,hi rd sx:att.ern&:ilncg%e ﬁ&e to a fourth scatter
Qe FEgptee

angle ([err]). goqnd detsttef |5 ppy intensity efthe second portien ofithe r 1) pe
sel ected scattereH fﬁgﬁlo h %W&&Qﬂﬂb&ﬂﬁﬁ@&@fé@%@ﬂﬂdr@ szﬁl%%B%&ﬁ/e%l\&r r])

of the surface such that the foll ow ng relationship I's satis
[err] = si n[ &ifleptthe secand portignofithe scaﬂm%hght into the seconst detgetyire Finally: asperslar ed

from theg detecm.das ?Sﬁﬁélﬂﬂ t&éaé&ﬂw nﬁé.lsﬁgbﬁﬂe SREGK 2l Qﬁé}fq ?a%ésngo?%, the e

A second opti cal egrating device I's positione con
t he second mO"dOPtml!ﬁemtlnﬁquhe scattered |ight. Add| ti onal ly, the second

optical integrati [ |, ar

beam to pass thr 03&1&?%&@5{825%9 M&QH&F&mrﬁl%vgar%a@erfé g'eldrplle "et“‘ff‘@ QPhtélght

first opti calscattated @ffthé sugfackeditecily, intoltbe derextord Mpintzgabuqlwtlegﬁabmng/edﬁdﬂ ce may
or ot her devices

i nclude an in r.at

capabl e of sﬁf'f'%ﬁtle%{hg %ﬁ?d for gugh ?§#H ﬁ”hg“g@%ﬁH‘eéq'ﬁ?t%ﬁtﬁ?mﬁﬁ'thm the; integrgting i ng
devi ce g ef elsﬂhkqlsuclm‘haf ihe eagia(a‘ppwwedmghmrdrmalrofmﬁﬁméraﬁaltnenltnb béWeQiihput
iigfart ure sampling a;l;q% @%bﬂgﬁt e(taectSoFr) |ngli'ea%£r thanaem ey pass

PCT/ US96/ 18723 In accordance with one ;ﬂ%&nﬂQerfe?re@%b&ﬁméiﬁ Qf ﬁxg mvbﬁ}gne@leﬁgﬁh t hat
the specul ar beamis p05|t|oned Wi t hi put aperturé of the

focusi ng mi r Aegrturepfshehollow sph %6%?&*"3“‘9%@"%{% with ém‘#l{?i",)‘ theusgmpling aperture
specul ar beagrad hbiliv PheRtas RBfdular P@hn‘?étert\ﬁﬁl 4 x%Péddg gthm)?t%  dperture of the

The apparatus of the present invention also Inc Sr Lt
posi ti offed t dollay SPhefed’é% @ eirculan perimptesydihcaradifis ¢Zhlethe |f¢qysmgpmrrord1as mf::rduhae

scattered | i gg,t,metg,rm{lhfmﬁ 3 ,e rﬁq tﬁ'é‘ig; eéué gﬁéﬁuré oF the focusing mllTO{ Hag agirewlar o o

integrating Sphere 1s enp oy th 'S moun
sphere. perimeter with a radius (r,,)

In a preferred embodiment, the system of the present invention is configured so that
the incident angle of the beam of light (0)) is less than about 10 degrees, the first scatter angle
25 (8,) is greater than about 45 degrees, the second scatter angle (8,) and the third scatter angle
(6,) are equal and are less than about 20 degrees, and the fourth scatter angle (0,) is also less
than about 20 degrees.
The radius of the perimeter of the sampling aperture (r,) is determined as a function of
the first scatter angle (0,), thefeby defining one of the limits of the first band of spatial

30 frequencies. The radius of the perimeter of the output aperture of the hollow sphere (rp)is
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A second detector is positioned to detect the intensity of the second
portion of the scattered light. In the preferred enbodi nent, the
focusing mrror is positioned to receive and reflect the second
:portion of tha,osggg{,ﬁ;r ed light into the second detector. Fipgdtisoensrs
specul ar 10 etector is positioned to detect the intensity of the
specul ar beam after it passes through the second opti cal

i ntegrating dsimilaly.determined as a function of the sécond sqatterangla (9,).itharehyrdefining)theother es
enploy a baffle tpo. shield.the tector. fromlight scattered off
the surface d¥ ‘éEﬁhﬁEfsﬁ{’%‘dfﬁg’agétf%ﬂYWlFs'Advant ageously, the present

i nvention The! cutpub fyieftarel s chenmiedr Sivoldbiecizedassafall hepdsyibleodiilt aitowing t he
first detector within the integrating,l . _Sphere such.that the angle
(Lerr]) bet vl CUHE SPrGHHicheaBito s MeehriRe mir” RREMTCR Shauid vickomhipied 1

sanpl i ng saper fedéife the Scattbr@d fight ShrrélpbRiidgito thessetorddamd oftspaial fréjuencies. Fora

In accordance with one presently preferred enbaodi nent of the inventiogn, the

i nput systemedesigned sueh thitd is 619810 % e B2=Ras th focusing migror saust batized i t h
aradius (r[e §ﬁm}' 3 ' e has
a circul ar pe%’F%)eetmg:&réﬂ \?\not a%ggfl‘tggﬁ%}ﬁée%‘]eg ?ﬁtt eesug%{ep‘)%ﬂm pgre% ﬁ“f%%g]tﬁe{ he 20
hol | ow spher eolitpst apertire ofdhaspheeer i neter with a radius ([err]), the focusing
mrror has a circ ' .t ' . e
out put aper tur e ofttEpbepind Bk PRkl op sl bfiné brefn inbeny B bl
with a radi ussbsfastially Jncreased by configuring the inkerion sypfaeé of thefirseopitioaliinregratingt deeice
syst em of theygges nt invention is cosﬁi%urted SO thaE . . the i.nci dent
angl e of the AR ghsomtign Festonsprrgunding thq gmpling sperturp This bsomptigp Keelon it o
first scatter pRrgitly 8hmed by cobtiglthe degiofl athibRick plR&br alkkér céftingdSdidhebsorbse
second scatter antgl e ([err]) and, thhe third scatter angle . . . %{err )
are equal andlight &t the avel of plas lighbspugre g The remagiing nogionsal theripteder sutface of s o
([err]) is al gsheleSRHich is outside theBbrptioR WgicileopRis@ @S eflective region, such as thosdNe
radi us of the perinmeter of the sanpling aperture (r[err]) is determ ned as
a functibh of whichare commen t¢ integratipg spheas. imppirtantly, gherrpflectangerpfithanpseretiomi ng

one of the | glgs 0 fefsttnﬁl thé ¥e§lgc(§%? d @k re?f%@twe%egigio}oat ttlﬁ:g{\{(%]ﬁ?%ﬁ Bpéhﬁ ig%}ét-gafrce.

radius of the perineter o put apertur W sp
(r[err]) is 1t is presently preferred that the absorption region of the interior surface of the sphere - 8-
WD 97/ 20192

PCT/ US06/ 187242 @ circular pesimeter and is positigned concentric with the sampling aperfurs.  The focusing
scatter angl enfifr@randl the setomd ditgctdedre prefigalihpositiohet such that the obtside Hiamétet dRthe
first bapd of ﬁﬁ%at'i al _frequen

the m T8l ohatPEER eag gL it mampp Setdf dewef e Sapa pkor

In such a system, it is preferred that the source optics be positioned to direct the
incident beam at the surface at an incident angle (0,) which is less than about 10 degrees.

Also, it is presently preferred to configure the system such that the second scatter angle (8,) is
equal to the third scatter angle (0,) and is less than about 20 degrees and such that the fourth
25 scatter angle (6,) is less than about 20 degrees.

In accordance with a further aspect of the present invention, an improved device for
measuring the total integrated scatter of a surface is disclosed. The device is used to measure
total integrated scatter between two spatial frequencies. Thus, it may be used alone, as is
commonly known in the art of integrating spheres, or it may be used in combination with other

30 integrating devices in accordance with the teachings of other aspects of the present invention.
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the entire specular beamto pass through the mrror. The m rror should be

configured to 5 receive the scattered |light corresponding to the
second band of spatial frequencies. For a syst em desi gned such that
[err] is equal to [err] (i.e., [err] =[err]), the focusin ] nmust be
si zed wo &% enough to capture all of the light re 3%8§?f t he
surface which passes through the out put aperture of the sphere.

It has been founghd device iltRdBrd ight Sdunceccapdbled dTRrédising Bbedm b hPatRI@6Wn

i nvention can be 10 substantially in¢creased by conflgurln the interior

surface of tsxelengthssangg, Frefgrably thedighbioures '%Pe‘ﬁe& gource producing; hght 81 4 kap¥myr pt i on
region surr %Qﬂér%% G).I?esaﬂm;hﬁgar@lﬁ%\ﬁdéﬂ for dirBltin g‘igéﬁél@érﬁ B&ni §igRNoWard the

preferably fornmed by’ coat llmg? the region with b gl ass or anot her coating
whi ch absor l;srface at an incident e {I‘hedmeﬂ @nf;uﬁecbtfo méasurg seprrered d;ahtcbetwevme

remai ni pg p rh in S
out si deglt he% ?ler angf Qsegléﬁgégghdp%?@ergﬁé ?ﬁé t\I}?ascrateter a%ﬁl{é Such 5és:at hose
15 whi chpaiaﬂ‘m]ombye *aﬁw‘é@mapm spheres I rrportant ly, the

of the ref Feot i vt G Rer Priude hallk GRisoyHEH s SPRIgHTE S pdopt aperure
It is pr eseratshﬂsplm%@f:awredna haauzbmpah&@raidhwtﬂem&ﬂu&é istcOffigurddSiithod
surface of the sphere has a circular perinmeter and is positioned

concentric ireylarpsametsrThe light-source, source opiics; 49 seliergyare positioned glative to eagll t he
secondget e f: t [ ter of
The 2018 R B e B e B S e
second det esampling aperture, and onto the surfmesmé such thay thecsspecular beam refledted ofEthet hat t he
source opti e C he
surface at %ﬁﬁgﬁé | (g%%{eb 8& tﬁe ﬁpg&r& W& \é’f hﬁef?m%m agendr%] hé(rzﬁ% me%%%%d' & g rees.

Al so, it is withgsthesphgrepo ééteankjinteoanmﬁﬁcagmeé lighh evithyrsthe sphetec IA gpeatlart he

(03) and | s ‘Fleclr Braniamnbess ragbere avca Tk Lt St el B riec ' ©

scat t ensanglspecdufa€béaly. i s | ess than about 20 degrees. In

accordance wth fu r as of the.prese i nventio roved
dovi ce for s Wi SEEPAIRBHE AEHE BESSFHt FHEBGR Stsea e TP Yee e oy STPRED |
di scl osed. mcaal fidgldting ﬂe\ﬁi&qﬁvihg alB8drior Surface whlch irlcRidéy ani aBiptictrBglob it t er
between two spatial frequencies. Thus, it may be used alone, as Is

comonl y kndW% the,samphing pertuse; Jhe a‘?smgog fﬂmné%pre@fabmfom bysopringahy n

combi nati on pubibwith BRtk glfks or odh@rt Gt Whith SR8%bE fight la{%h8 GAEIEHRAS i Hight t he
t eachi ngs of O0ther aspects of the present invention.

-0O- source. Theyemgining pomipn of the interior surface of the sphere which is outside the
PCT/ US96/ | 87&§orptlon region comprises a reflective region. Importantly, the reflectance of the absorption

region is less than the reflectance of the reflective region at the wavelength of the light source.

The source optics are preferably configured to focus the specular beam at the output

aperture of the hollow sphere, thereby reducing the amount of stray light and enabling the
25 sizes of all apertures to be kept to a minimum.

The absorption region is preferably configured with a circular perimeter and is sized
such that stray light generated by the source optics which enters the sphere through the input
aperture will be imaged on the absorption region. The output aperture should be sized to
permit all stray light which is specularly reflected off the surface to exit the sphere. Thus,

30 virtually none of the stray light entering the sphere will be detected by the scatter detector. It
will either be absorbed by the absorption region or exit the sphere through the output aperture.

-10-



The device includes a |ight source capable of producing a beamof light at =~
a known wavel ength range. Preferably the light source is a | aser
source producing light at a known wavel ength ([err]). Source optics
-are provided {pr,, d{gctl ng the incident beam of l'i ght t owargAd\Rensrs

surface at an incident angle [err], The device is configured to neasure
scattered |ight between a 5 first scatter angle ([err] ) and a second
scatter angle ([ erRigally, mklmm&aﬂmestxﬁhheqrres&ntghmﬁm therbeftlate shi¢ld the scatter

spati al frequ ncies b err err]l - [err]). . .

The. devi ce. f TS pRYbe GlFiohsT REpeHRRioh HEPBR G Petrsia il e insacnsngphers,

i nput aper t ur gach that the angle(B5RbRWeeNGh@PRtularibeam amithe linehetvpach tiesamplingeaperdtiare h
of these apertures. is CanI ured th a circular perineter. The

i ght source, a’@dﬁ?‘i‘é%t"r%’ﬁ @Aphere are positioned relative to each 10

other sugh that thlfhuh nﬁsdﬁasjed@%m e PhvétitioR € Hrovitd nseled nf@hdds Bt

aperture, through t ng aperture, and onto the surface and
such t hat theammlf@rrth@mmwpmwz@mofnarfaces surface is directed

wthin the sphoro TISsCHbuler i it atfliRbed e e hfin i SRR MORTC

sphere. A spefilly apparent by exammnmmfmlue folowing ddscriptiod of)t!re 19'relﬁmeﬂ lebsdgitnente asdic h

that it can d tect the.in Shd Y of the reflected 15 specul ar beam

As with enbod Pﬁﬁﬂ%1 %sent i nvention di scl osed above, the holl ow:
sphere is an optlcal |ntegrat|ng device having an interior surface
whi ch includes an absorptio | S the sanpling
apert urel? The absor ption re ' y.%.o ating the

region with black Almp@f cufdlr h%nﬁﬂﬁtdfﬂﬁ inviehtfdn bfieSPdeasribled § Gﬁﬁve%ﬁll B@Qndered
wavel ength of the |ight 20 source. The remai ning portion of

interior surfbeefsmee tthe prpepded dravingsi Ongersianding thatdhese drawings QBIQ'(PF%N%#W‘
region conpri ﬁﬁﬁonaco'hgénluﬁg{ybf\éﬂ efn%g!hﬁl@nts hmg fnt.'é’tﬂﬁtal'l ¥nd 4B ot tﬁérkﬁ?é t%%%%ox%idef’éae

absor pt i on regl on’is |ess han he refl ectance of he reflective
regi on at t helimiing p@mgempaathet!mntmngwﬂ be wpr@@d and explained with addltlomh@eg-&entyce

0BLics 3 P! RLRIARIdohANh B BelaliTd BEwABE R AT at Lhe output

aperture of t ere he anbunt of stray |ight
and enabling the ZHgurel msa schemmicvwlwlofaneptefumé embodneerkef)an dppamtusiofitheum

The absorption region erab ur with a circular perineter
and is sized presengmve“t'gﬁé‘ﬁtg e%rP F?’&gl{»"b‘g P SOSFEYPY he source optics
whi ch enters the sﬁbﬁeeliﬁtmssgdacﬁdhﬂ vigWoolta portion ofthea@ﬁ&ﬁmubﬁxgﬁrbll be i maged

on the absorption The out ture sho g sized to
permit all stray MEg'?rf i RS B ik A BB S P B fo surf ace to
exit theypsphere. Tkigsre 430a schematichiewadflay a@iiftive binb@imént 3Fthe affhrat@yéfand ng t he

sphere will be detected by the scatter detector. It will either be
absor bed by t PEseabEwension yith thejniserating shere ilusteatesin evoss septiosuand t he out put
aperture. Figure S is a cross-sectional view taken along line of Figure 4. - 10-

DETAILED DESCRIPTJON OF THE PREFERRED EMBODIMENTS
The present invention is directed to novel apparatus and methods for use in measuring
25 the total integrated scatter of a surface. In accordance with one method of the present
invention, the total integrated scatter of a surface is approximated for any set of spatial
frequency limits. This is accomplished by determining the three-dimensional power spectral
density function, referred to herein as the “spectral integrated scatter” function. Because the

three-dimensional power spectral density function is representative of the entire hemisphere of

-11-



WO 97/ 20192

PCT/ US96/ 18723 Finally, in this enbodi nent of the present

i nvention, the baffle to shield the scatter detector may be
elimnated by positioning the scatter detector within the |n rating
sphere - chp?ﬁgﬁzthat the angle ([err]) between the spegﬁf’ﬁg‘@gﬁ% and
the line between the sanpling aperture and the detector is greater

than [err]. scatter off a surface, it prdVities infdrmaBiorfdr RBIr&sid ardinohB@rdPisubiates whgaNt i on
to provide inproved nethods and apparatus for the noncontact

| . p .
char act er i zataughnessis losy thag:the wavelength of light used togharaaterigsdheyurface. JNitthe shragd
advant ages O0f: ' i s I r ent
Em\tggfoﬂioﬁfeg %xfdcﬁéd%@ﬁég? Rantiod k3RO tuﬁg ugegrated scagelf et dyRBRGF

by exam nati on ow ng descri ption of referred enbodrnents
and spatial feqermpyliitseyn deadily beydetermined  This method may be used to compare data

BRI EF SCRTETI . NGS- . eyl ar
descri Et% i on g?'"tgYI éﬂ;ﬁ%g&ﬁ't"%rs %fcpypggtsecorv P differes t?@%ﬂi\’/\ﬁqﬁ%g ‘render ed
by reference to tTie thiepdinbasionhl powergpectiahdbasistfamtion s defehinédigsselectingd NQgs
only provide jnfor- .mation concerning,typic epbodi nents of fhe
vent| on anBUEIY 9fBmds aEmsY BEROER. 1o raabel meod oY eV Guis of { <
scope, the i gmsahlifeqilenties hre BfleciiUecaule tith dtta BoRI to'bafts\¥he thradlglinkhsiinal
specificity 15 and detail through the use of the acconpanyi n&mg‘;gw ngs,
¥an

in which: power spectral densiq;r,fgrtﬁign qan be agcusatply datermined. dihe &irst band ingd

enbodi t o ; 3 RMg imi ' ] | i

I nt egr gﬁw ng Is’%‘%glrlgﬁ?ﬂﬁg? r %fééélh{agf%r%lg élmslyé(?{efsgﬁaa bhm?&ﬂng@bﬂ& ‘H’EFQE'F% 2 1s
a cross- sect (/draat alowesylinit (&). porti on of the apparatus of Figure 1;

Figure 3 is a crogss | - VI ghﬂp ¥o Fi ;20
Figure 4 is a sché%ﬁﬁgh\ﬁﬂg@vivﬁ agérelogiﬁ?gapﬁa Y )gr@%%f?drré'}\t?fﬂgfgu eeeaé%par at us
of the knovar igsident anghe/¢B)twithrespiettito tireanormal efj thetsinfigre. s ffinetotal sdattersdfilighted i n

cross section;  ang. " Figure 5 is cross:sectional ,¥i ew taken
al ong Iine off ‘IE—‘PGﬁ'P?gWed scatter, °°"°SP°'%|"3 to each @‘F&F@éﬁi g"ﬁé%ﬁ%?%ﬂ é?ﬂl@c'elsHE
PREFERRED EMg@h¥n\dolidcted. This is preferably accdiilishydetyaising optialiniegating delices elichthst 0
novel apparatus and nmet hods for use in neasuring 25 the total integrated
scatter of alésgrftlgapherss, lspseh OBEMEUS Wi t h one net hod of the present

invention, the tofrd bduf8RRE ot BElb&ARbE Datifd Frequehsled A6 BetbriniRBBY Bhel phfdiel f or
any set of spatial frequency I'imts. This is_acconplished by

det ermi ni ng coRfigurstisrotthearparaiatilizadip pollepingithescatter. Preferably, the hapdsasict i on,
referred to {Qﬁé&é&nﬁ%héé}ﬁar'ét%ﬁ’%és%ndi@%ﬁ SERihehe fiBRHE ARionBgsRUSE

t he ree-di mensional power spectral density function is
represe at i sdtistied:t he entire hem sphere of
S Lok

fo B

and such that £, equals f;. Additionally, it is presently preferred that £, be maximized and Sibe

minimized, thereby making the boundaries as wide as possible. For small incident angles, such

as incident angles less than about 10 degrees, the maximum theoretical value of /] is approx-

imately equal to (sin0,)/A, where A is the wavelength of the incident beam of light. Hence, it is
25 desirable that /; be as close as possible to this theoretical limit. -

The total integrated scatter of each of the selected bands of spatial frequencies is
measured by collecting scattered light with the integrating devices over a range of scatter
angles (6,) which corresponds to the spatial frequency band. 1t is presently preferred that the

scatter angles (0,) be selected to correspond to predetermined spatial frequencies (f}) of the

12~
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PCT/ US96/ 18723 scatter off a surface, it provides information for
i sot'ropi ¢ and noni sotropi ¢ surfaces whose roughness is | ess than
-the wavel engt iy pdsphioght used to characterize the surface. VpghuideRshir ee-
di mensi onal power spectral density function known, the total integrated
scatter over any set of spatial frequency limts can readily be
det er mi ned. Thirfacermich duit tlmiolbwmgsreldt:ﬁmhxpmmmﬁed dh st (sinG; - £ 1o rThus, by

i ntegrating de er dif n mts.
The thr ee-di né‘\ﬁﬁ%’gﬂﬁf e ’%%éc‘:“{ °§|°°H§%’8“‘{ o't uél"él?éla %ﬁlﬁeﬁgga‘a‘r‘ ,gy&gﬁy%h%
selecting a soughtto bﬁlnwasi:i-ddt y sysfentyandse mﬁﬁgpm toablidct the seantered dight| mre!athat
presently preferre

are sel ected P88 %’Mﬁa&ge ¥9’ﬂ rWtF%Gteg 5%85' ovepthe ts‘ﬂ"rcg artaﬁl’%s‘ﬁ f ?ragtﬂrg*fe“g% &

power spegt raknaglﬁﬂﬁbé iheiddﬂ:@t Mtoﬁam&geata&s‘daﬁatdalamd%%Ferrmd k?vmﬁxtnfté( d[sfst .
ower I m err

band is defined upper limt ([err]) and

Sinmlarly, t hepaéxe%fmmfm epch of thei salsaed)pandhara prérto Ketgrmine the spectralintegrated ang
a lower limtg L%(rslg ction. A beam of |ight having a known

wavel engt h ([err s) ITected onto the surface at a known i nci dent
angle ([err]) wi thAsilgpeatad ie Biguted, nug erelfodisient ofz sytfadescheract@ization syatemdwilt t er

f light, f
e L e Al hOBhnbOY AR Bt BT snl BRBAIL B! SR
preferably acao mnlukisheltghb;oummmbtemﬂpmlhmng\k beunedfilight i e preciewrmined-iavelength

e  bands of - S e IRHREEsrefadinest b8 buiem 1 thedightspurch fdpieh potrce 14 wiich
configuration gederdtéiau lﬁdép&faﬁat 16hatkng hl“ifaeéleﬂgm S04 70Gihibrogs. L subtifate kource is the

Preferably, the bands ar ed and the apparatus

cor respondi ngI"iPdEbHﬂLa??éﬁ 1%"6%4\"4%8’1"“?‘ by Te%i ng rel ati onship is 20
satisfied: Posxtloned adAaoent the laser source 14 are source optics 18 for directing fh€ bédm of
and such thatf2 equal sf dditionally, it is presently preferred that

[err] belfraxi WEhtd® towerd p@rsmfaqsét an incident angle (fl ithoraspeetiie ﬂwnnd 120efthene
boundari es as g %g I§SI E (ﬁmerl:%e 98 ahd héh?%%%ﬂ& ﬁ@&Jc@tﬁwﬁi&S&} bea havuTgua

i nci dent angles SsS t an about D degr ees eoretical
of [err] is apjreddarcross section. Thersamreé wt@q (121 lrtcmdé snyrfehasg wr{vemm}lal opticaie [err]

i s the wavel eng{f&.\%}m sqcenowgg?g Eﬁalmhga%] 3 en tl}elégyrg ?&l e%) e%ﬁ Zt?e fulrf%c? ;2,

desi rabl e t hat 0SSi
The total intagpetladbeaas22and smtteedd:bhum ardeflentddoaft thel sofenels of spati al
' [ col Lecti.n cattered |i

frequencigs is red b t.wth the

i nt egr at ?ﬁg devi cegh?ﬁ?'éﬁ"r@% %dgscaa ratgptical in eg'atmggﬁﬂ?ee‘gﬂgs['érpf’ﬁ‘5'°'\ﬁﬂf“&dn
corresponds t @ohfipRirédRtaréceive & ﬁﬁqptﬁﬂsﬁ'onwsbmé&d light MhBSpetinitlingXd Qsrid g#kidn LIt
t he scatter angles ([err ‘%‘?be selected to correspond to

pr edet er ni ned seatiereddirhirtp pass é*ﬁ evghs The dirst pptics} integgating device may be a sphere, a mirror,
a lens, or any other optical integrating device modified in accordance with the teachings of the

present invention. In this preferred embodiment, the first optical integrating device is a hollow
25 sphere 30 having a radius (Ry).

Such hollow spheres, generally referred to as "integrating spheres,"” are common in the
art of optical measurement systems. The interior surface of the sphere 30 is a reflective
material having a reflectance greater than about 90 percent. One presently preferred
integrating sphere 30 is that sold by Labsphere, Inc. of New Hampshire, U.S.A., as model

30 “SRM-99" under the SPECTRALON trade name, in which the interior surface has a
reflectance of about 99.1 percent.
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PCT/ US96/ 18723 surface such that the followng relationship is
satisfied: [err] = sin[err](sin[err], -[err]). Thus by cal cul ating
the scatter an Ies WhICh correspond to the limts of the spatial frequency
band g 2 to be neasured, a system may be confi e 2ol | ect
the scattered Ilght over that range of scatter angl es. The total

i ntegrated scatt t aﬁ}% y

t hen be neasur ed%T eg{egPa co?lﬁ g‘?g'tmé scat ?gerrﬁgg%aa%grr?d “?%‘b’gé? aé“rir | ower

limts of  output apertgmq Jhe apmﬁ@yg.zf and Haeach hévemlcircwai mum‘_ it chil 2y ©

used to det gr E@g ﬁpe?gt'f‘ 8%&@%& one(* within thessgﬁgré ?é}ar‘d%h?l hfetléq t I on.

As |IIustrat§ ure a surface characteérization
system bui | tposmoned relativece the dightgoti@e 11 4 such élaat thebgam ofhghhe6 puayebemtect'edvent i on
IS genef al | nated at 1 he stem_’L 1 I ght _sour ce
Capabl < of - SHOURIR P 18BN 7 gk e saPTE aprrtoes 1 ARCOMA T e  an
([err]). | n shdhxhitlthe'secom poctichorert scbdredlight 41 the/speailar bBam 2D areldirgtitd aerce
is a laser source 14 whi generates a | aser beam 16 having a

h
wavel engt h é‘l‘ew.t‘ﬂ?éoﬁ'?‘(?\'é‘r@‘?"w apefeHe fhser source is the nodel

"TOLD9215" | aser THi Rl diRg Kﬁkﬁd}ﬂch&k@é’uch that it ca;%tures the first th’Rﬁhb oned
adj acent the |laser source 14 are source optics directing the beam of

15 | i ght seattered\light thahis, the;sdattered Light gxtendi ﬁmnn figsh gatter(dnglei(P)) tawe sdgomdes pect
to the,y %Par&ipr@gﬁ The output ?ﬁeffwefs%‘%&éeﬁ 10 bé}hné:méése‘é&ﬂ?iop%%gbfﬂ sP | aser

and source optics ce an‘ln ent beam ha ar cross
secti on. Thdersdlight.cextantiing fromeaythird sdaudanghfﬂ,r)io 4 foogh scattenvangiei (0)) ato esipthecal

configuratiaons k 0..one . Skl I " beam of, | i ght 16
s Che sunPas s As ﬁ'ustfa?e‘?' eursepek‘m Soelfcanfiebs ek iy BORER it S04 ar e
refl ect ed ofspedulaebeant 2AcCe. The system 10 furt her includes a
first optical int gratln?q& i ce ich is, positioned a

configured to red@f st §¥ eshydes,p segpnd ‘Hﬁ"’%’d‘&?&'é‘f‘@d’eY'F‘be“cbrﬁlpPeﬂ°“ed
perm t 45Ny Qnd e6iFiRAreA 2 kdcbite M second portion SiAE sc@ftareld lighe BS it bAsARSphERBOUTH.

The first optical integrating device nmay be a sphere, a mrror,

a
| ens, or anyhiouplethe gptputapertpre38g Like;the,firgeapticd "mmtmséaw% the seand QB! wi t h

the t_eachl NQkesthtided Wevice may mclud@ﬁr?ﬁ?é@htrh@ylﬁ%' {t)ﬁ’nrrdrnafeﬁg §r &h&fr Sgﬁﬁh
enbodi nment, the first ogtlca i ntegrating device is a hollow 2 sphere

30 having a desige.uln thiRembediment, the second optical 1ntegrat&gdwlh®¢qum5§pi‘f9¢l§8‘8 mirror
general |y rq{oecrom réPwian g,&éﬁgé@&&@%&?&%[\%ﬁuch tl?erﬁé frg Jg?&?wéyhéas% The

art of optical sur enent error s ere 30
is a rapl ectmimer 40 and the apentateet2i in thetmaivrionepch havefal cocitlanpesmgtee witke radii hﬁ.randkaut

90 percent. One i.nte tin re 30 s t hat
sol d by Labsp et e Eh}éf' B{%&ﬁﬁa% 'sns'zed an‘{f’oé‘t'ﬂ"e&ﬁﬂ' rﬁ%f%@ft%g% sphere 3 RM 99"
under the seaairmmmVﬁdm seatazed ixght whtelingtfiven 1he tifidi sodttes uiglaSs) toahke fourth
refl ectance of  aboyt 699' 1 percent.
scatter angle (0,).
The source optics 18 are configured such that the specular beam 22 is positioned
25 within the output aperture 42 of the focusing mirror 40. Preferably, however, the source
optics 18 focus the specular beam 22 at the output aperture 42.
The system 10 also includes a first detector 50 positioned to detect the intensity of the
first portion of the scattered light. In this embodiment, the detector 50 is mounted in the wall
of the sphere 30. Conventional integrating spheres typically employ a baffle to shield the
30 detector from light scattered off the surface directly into the detector. Advantageously, the

present invention efiminates the need for such a baffle by positioning the first detector within
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-13- WD 97/ 20192 :
PCT/ US96/ 18723 The sphere 30 is configured with an input
aperture 32, a sarrpl i ng aperture 34, and an out put aperture 36. The

-apertures 32, r,%dw 36 each have a circular perinmeter W tg-¥a4dkAs7s
rferr], and r[err 12 respectively. The apertures are positioned within the

sphere.-30 and the sphere is positioned relative to the Iight source

14 such that th@&t&gﬁﬁﬁg@ﬁhei'd sgbH that&hérmgxetxe,,):ﬁetmhehb spEcular bedr2Daigiithé e | nput
to.the surface 12, and

aperture 32, throu sanplin erture 34, an

such that theb%‘ﬁ?fﬂﬂkfsﬁﬁ‘?‘é ngwwgéatﬂeémfwgﬁfﬂgﬁu% he specul ar beam
22 are directed OUf sbnd detector 52 isjRsiBBMANE daEctithy i ?'Tohﬂle(%bﬁoﬂﬂboﬂﬁﬁ‘bfthée
36. The integrating ’fhere 30 is con ured such that it

captures the fopttesed ‘pﬁi‘FtTWe@ﬁm‘ detector 5 Iéea%%\eéaﬂthgrﬂthe fosuping mirror i@ such
scattered |igg % %e%mﬂgugnrd?'i‘ﬂeascitle?éfhgﬁP@‘i’éﬂ%&e@ﬂ% e eécsﬁa dotedtt 2. second 10

scatter angle he out put aperture I's sized pernmt the
second porti oAcmfdmgiue thefacusing mirror 40 is eonfigured thfocusdhe mmﬁmﬁth scattered

scatter angl ourd e ([err]), to exit the
sphere 30. Aglq(‘+ é‘%'}aet%gﬁffw igfjtg’l’ees mdd;?'egt g(k:%tter angle" is neasured with
respect to the Finally, ﬂpemlak detedma&n i2Positioned to detect the intensifinef thy specutar béam

furth i ncl I t h 't' d 15
and. conf i gur oo S5 GEER BRI SreomloBL TSR AUTE Jore i et gt Lo

exits thg sphgag béPositioned suchtm@maubme@aﬁcahufaasa&%wﬂﬂ sp&ulak bdagh D €erhei 1 st
optical integrating device, the second opti I nt eg?rlatl ng deV| ce

may i ncl ude atPepyliraigiestor s shopide @ “low fmqr fletecton 1@ prevers it fpamhBeing iolEreRf | ng
device. In thyg gqagmoebh%akctmk*a@ DCLRIGH rﬂa,t.h&@de anP AL S UndGm $6reubifa GNP | Ses

a focusing mrr configured with an output aperture 42 through
whi ch the speiseluding prrameroigliyaygilaplesticomphotodiodes. nirror 40 and the aperture

T T e S G A

r[err] res sl n rror
posi ti onleSd Wi sssodiaehweith alt:mrmdm oﬁﬂlh aystenB U0 outside the spher B0t [The generativoof sieB t he

scattered |ight (S t endi SC er _an
fourth secgr& fay; sé'ray q’(e(ﬂi);l ?antnta“y eﬁi:mma?edtby ensun%ﬁn é%nﬁ F’é%g%rﬁf"f%%s & are
confi gured sumhdd diabf,ioh eoawlamui & mategialwidéh is Hglp abdokbingw dheAbavelengtiof thien t he

out put apertured42 of ng focusing mrror 40. Preferably, however, the
source le*E’é 8 focus the specul ar beam 22 at the output aperture

42. Formyn afiyled dFifcidenca! (69 of ma bkehe 56, 2hef yu{naioﬂctﬁ;tafe& Qf the Sphere
positioned to detect the Intensity of Hstwgortlon of the

scatter edf | i gfiem thesupfacesl Z@ﬁﬁamgﬁ@mtry %nﬁehweeb%he systemdnysh bgeagefullyn t he wal |

controlled. At high incident angles, a minor variation in the standoff distance of the sphere
from the surface will result in a large change in the position of the reflected specular beam 22
with respect to the output aperture 36. If the change of position of the specular beam 22 is
too great, it will no longer be aligned with the output aperture 36, thereby causing it to hit the
25 interior of the sphere 30. Obviously, this would result in catastrophic failure of the system.
Hence, to make the-system as versatile as possible, it is preferred to keep the incident angle
small. _
It is, therefore, preferred that the system 10 be configured so that the incident angle
(8, of the beam of light is less than about 10 degrees, the first scatter angle (8,) is greater than
30 about 45 degrees, the second scatter angle (8,) and the third scatter angle (6,) are equal and
are less than about 20 degrees, and the fourth scatter angle (8,) is also less than about 20
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of the sphere 30. Conventional integrating spheres typically enploy a

baffle to shield the 30 detector fromlight scattered off the surface
disrectly into the detector. Advantageously, the present invention
‘elimnates the need for such a baffle by positioning the first detector

Wi thin WO 97/20192 PCT/US96/18723 1

WO 97/ 20192

bet ween t he
apert ure anthetfins séatuesangtbe(ﬁaos ahout 45 dpgrees, de sbévmd sgatter dngle (6,) and the thnrd

second detectgr 52 posi ti,oned t ct t he J ty of t ec
portion of tgiderangle (63) agccegpqléptgge Pﬁ‘@ﬁf"‘ %@sﬂ@éﬁ%ﬁ’ﬂéi’ 5%!‘5?“5@??‘3 18 a%out
posi tkone ]gl o defgtese Thékefahgesf@é:hﬁllel?ge;]fffieﬁﬁﬁaefkﬂ'oﬁuﬁﬂ&senﬁy preferlgb g;tste*nhm. seﬁd)52 nd
portion of the, tt is reflected jnto econd det ect or :
Accor di’ngl y°P§‘H ?‘B’@u wﬂgofjrpgpr,sg”appmclytg t‘@bﬁf'ﬂ’@fﬁ"&!’t}‘i’w BUrRYQRDS I3Y Bfi d
portion of wﬁuéaa&wwdepamng&omhat&cmgl BE the pRSerk ikbstionf Vview of the

second detector 52 Fi nal ty a specul ar detector 54 is
posi tioned to de?iyéwalﬂln@aiimenmetcynwcﬁw é*pmetprarmmwmct the selegtionaft er |t

passes thro all ﬂ} ﬁ’g.r‘@{ r detector
54 10 NW be p05| |one rsc(é@' SPP &Pg%%zweﬁ%\’ﬁ%\?vﬁee gﬁn'rlg'g ses all of
t he specul appdrstan¥@exaifiple, care must be apamlemrdﬁhﬁmdwarsmmdmed wiithothe dightl ow
scattey, det ect of revent m bei a S stra ght .
The de{ ect oPsur%eo %‘at esoarcgﬁp?ﬁg)}g dﬁ%ﬁ'ﬁgmpegfev "é‘@}u‘é‘sfmﬁﬁéﬁ‘(ﬁm ?f(ﬂ’ <bi use,
i ncl udi ng cShmhrl;a,ﬂmfdu;areaasmciaaddl véthsthe mircon 4pthe ﬁpedularctle&ctor 54, and the second

pri nci pal urce eca ra r e and nou |ng
appar at us 13‘*‘“‘0’ %E‘ési Aok 'G%rﬁ!%t“ﬁt?‘é?q ‘X‘ﬂ%‘i"??‘aﬁ‘f %‘t)jy\% HPEDRASTINS Hde t he
sphere 30. iRPthe 80PGEdpeiveab shdifdnot physically xﬁﬁ?s@él(i@él\)’otﬁérr ay light can be
substantially elimnated by ensuring that the exterior surfaces are

made out of, or Ekradiys of theperimetas of fie sampling apertute ;) gheuldibsaslaeees passibipe

vavel epgt h Q;faﬁuhﬁte access to thb Qirfade . B Ver 8s the sxze of the samplmg% aperidfe ibi 9h angl es
of incidence (6) of the beam 16, the stand-off distance the sphere 20

from the suircessed]the interior gerfage aree of the sphereds ¢asrespondingly dpweass@slﬂmms@hebe
careful ly [ggtfy I | On in
t he standof fmecﬂogts%r?\a%gsg? ht‘ﬁ' psﬁgh e chuddla b 6%“%% ﬁlsct?? ég}:)'g%c’}éﬁéyrdggﬂult in
a large chaspjerd.n t he position of the refl ected specul ar beam 22

with respect to 0S|

specul ar beam 22&&.’ pr%}rgmadﬁlg g'g(’%ﬁe i%gp!"{g 2R 'l?lllre SE‘ %ﬁegellpe‘g%saémc 'ﬁ’&? WI t h

t he ouzput st sdattercangke, (Bt)hhnhbymwdxmem geslcttbddd\ei‘uri tHelradidSof the periineter 6f thef t he

sphere 30. 9.%1%& Sa;laé/rture 8'3) is approxamatgy equal torll(t%naé lisvahre%p hhfs (t:hefdfnisltin%tre Ot(l)‘lfthé Qf‘-

PCT/ US36/ 183%36(:[1 In ane preset tggxréf‘éﬂdﬁgehﬁ:topnﬂﬂntsﬁl@%c‘?deﬁﬁgng %Z 5 aE) ﬁ@E‘S eés[ err])

system
’ face 12 to the interior surface of the hollow sphere 30 at the sampling aperture along the line
20 normal to the surface 12 (Figure 2). Thus, for a given first scatter angle or first spatial
frequency, the preferred size of the sampling aperture can readily be determined.
25 The radius of the perimeter of the output aperture of the hollow sphere (r,) is

determined as a function of the second scatter angle (8,). In this preferred system, the radius
of the perimeter of the output aperture of the hollow sphere (7,) is equal to 2R tanf,.
In a system with the source optics 18 focusing the specular beam 22 at the output
aperture 42 of the focusing mirror 40, the preferred radius of the perimeter of the input
30 aperture 32 of the hollow sphere (7)) is defined by the following relationship:
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Hence, to make the system as versatile as possible, it is preferred to keep
the incident angle smal | . It is, therefore,
preferred that the system 10 be configured so that the incident angle
‘([err],) of tgﬁ of light is less than about 10 degrees pfAi6ocfikI§t
scatter angle %??Pz) is greater than 30 about 45 degrggg, the second
scatter angle ([err]) and the third scatter angle ([err]) are equal and

are |l ess than about 20 degrees, and the fo h scatter angle ([err]) is
al so | ess than about 20 r, = K/%%T 192

PCT/ US96/ 18723 degrees. In one résent| y preferred enbodi nent,
the incident angle ([err] ) is about five degrees, the first

scatter angle ([err]qf) is about 45 degrees, the second scatter angle
([err]) and t fesvalaesof K = 1, where a isdhe digtancgalong thedeym of light 46 Bomdhgisoxrce oatiesut
si x degr ees, r -d

degree. Thes qugog%gg‘pg{r)%%n&rez?gﬂrhg%?&%%@gﬁ%gh %} 'g&ﬁ?aaigt?g%egrlﬁnﬂ}he ra(ta}} gr“r?eed
system 10. Onepectlar beam@R foki thé outputt apertare 36 of the holidiw spbere3@ to fpfoasing mirrarhat

a variety of ysieal..cgnfi gur ati ons b const.ryuct ed wi,t hou
departing fr oﬁ&'t ﬁ'gfef@ycﬂleﬁﬁ%"bg cf’ﬁ‘jlguﬁrﬁaé%‘ém@aﬁ%?}‘gr{’ﬁr%ﬁquaﬁ 1FHe e S ighPi’
Physi cal § i m lagéribeiif, 08 chében foobeSdrédterith@or@budl evsystem 10 may restrict the
sel ection of spati gl ,frequencies (and their, correspondi ng scatter
angl 65) over i cHFETAYESE Seia ghe it s S fy B fpcyPng R 0 b ATtHl o1
be taken to eppsydhohdhto ching\eh bEth8 fighGefidcRd offthdsuifase 12 Wiikh pdises throsghihce 14
and the source optics 18 dges not interfere wth the collection path of the

mrror 40. output apeftyse 3§ of the sphereiifh  Thisis achiqved bxycanfigyring the fopysingmieror such e
specul ar - det eglapthe MinimahGadibiyrS PSR Berimeter is abdiff bl B tamB(H LSk Nitthd e T ©
wi th the inci en% ebe%{m 16%l %&afl ongilelr";/‘, eﬂs\g tlﬂﬁpﬁf‘ apér_t’sjre 3% S SlF'asﬁd
t he out pl@ apeenfignred 3echashas G, euals ©;,shencthe pilefeyred miningre cadivusad theqetimeter of the

The radi us of ;the i .. of applin erture (r[err]) should be as
| arge as possf%ﬁ"gnggﬁow{’@l gegf’ | Date 8%”“?3’9?‘6“"?’?%% surface 12. However, as
the size of the sanpling aperture isr = (1 bi)pcreased, the interior
surface area of the sphere is corresp%?ndi(rllgﬁsd%c‘reased. Decreasing the
interior surface area of the sphere causes a deterioration in the |ight

col l ection effici eMhyoutputiapeiture of the mirfg?ld6should be sized as small as possibiewlileef er r ed

radius (rf[err of the. sanpling a ture 34 is determ ned as.a function of
the 20 (rl fi L@?W*%%!P dhahe %‘%%eﬁ 2 19 ass thrpug @%ﬂﬂ&ﬂf%ﬂte radiug ofithio g

herein, the r pefiméerdf the Gutp hpeiiikesf the fobidhg mirror (1) i IPprefRE e ABRBIMhG is
(r[err]) is approximately equal to h(tan[err]), where h is the di stance

from t hel%uyr - approximatelyregual to @anB)(% @Rt eri or surface of the hol | ow sphere
30 at the sanpling i . P : t face
xmgg{@kag.ﬁ% eRAYY bfAfent 108 which the incidéht BRIETY) if Rod i obik

12 (Figure 2). Thus, r-a glven st scatter angle or spati a
frequency, thdOdegrtesianéin whichathe secombscaerphgla (B hisequalitathe thirdrseattir hngld@)

determ ned. 23,4 iﬁ(]ﬁsf than ab%zt 20§ g,ﬂirxﬁjfadﬁé of tlﬂg pgfngét%tfﬁrre ou putt Q;?ert?xpet&ltlltle

aperture of the OW sphere
focusing mirror (r,;)) may be defined by the following relationship:
2R +b 2R +b
ry = {1+—Jry + ,
u = 2Rs+a) 5 (2R3+a)r'
20 where 1, is the radius of the cross section of the incident beam 16 at the source optics 18 and 7,

is the radius of the sampling aperture 34,
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determ ned as a function of the second scatter angle [err] In this
preferred system the radius of the perineter of the output
aperture of the hollow sphere (r[err]) is equal to 2R[err]tan[err].

In a systemw th the source optics 18 focusing the specul ar beam 22 at the
out put WO t ure 42 of the focusing mrror 40, thPGHEPEI B radi us
of the perineter of the input 30 aperture 32 ofthe holl ow sphere (r,)

is defined by th ' ' I B . - . -
In %*%%%@B&H 959&!? oPthe present invention as illustrated in Figure 3,

-16-
PCT/ US96/ 18 nh@integrating sphiere 30 has an infegior susffacec) wiiich<infludesjan absovtion eegion 62 t he

di stance along th . | 1 ght f , s opiics . 8 to the
i nput apert J¥ grognﬁn&t}ﬁgﬁgén%h:é p%\avurseégl?'erqg'gg%fgg’glag ge%fos eelzﬁge)&’rl %‘% %Yn%oétmaq %’ﬁg t he
pat h of the region withapoestingavhichabsorislight sthd vasvelehigth of tha lightisotree 5. One biivh
hol | ow sphere 30 to fhe fogusjng mrror . 0. Preferabhly, the system

i s conf Sgur eﬂ"‘?ﬂﬁ'z reisaed cpatingis %’“@h‘ilﬁf‘qe* IgF“eL"’rA"é‘ rffg% 191as| é’%‘}lftg"?s% é

| aser beam dGuiss, Gil8QE 84N inQhd st GlIEPhREiate IR oftter bsoktiing Rktkrlids o coatings

For a system designed such that [err] is equal to [err], the focusing

n
mrror 40 mﬁ%yai@%?i“ﬁ@%?-d- | arge enough to capture all of the Iight
reflected off therh%&‘% rﬁ&?of%%el mt%ﬁshsummfw H%Q\Jhﬂﬁ Jies outside tﬂ%‘%%U#ption

aperture 36 of the sphere Thi's I's achieve y conflguring ocusi ng
m rror such region 62 corhprises srefledtive ragronrtetd iThe refledtive rigjongé configured to reBece lights

bout | Lot . L 1f the. t ' 10 . f,i d
Such g 1 oftFhe DfYoRhEh bEwé igtiagior v sp R SFinadh efetive nigean o ©
peri net er ofkdokd to those of skilidn theragr ofintégpating spleeres] Iportantly fthevastetls dthiced on
foll owi ng relationshi apertuyre of the

: err The t put )
o rror 48 C PR e SurPioe 69 S Slipcted sugh thatbe roffectaie of the BbsorsHOn AFION S 151481 | of
the specul arthetherdidctafcepf it réfltciuogibnes ithe Wavelthgth Dfthelighi satrc@f t he

D oy od oborh raieiliegtants of the absotption region 63 will Senaraly be less han abbu 10 percent
15 with the reflectance of the reflective region 64 being greater than about 90 percent. Itis
preferred, however, that the reflectance of the absorption region 62 be less than about 5
percent and the reflectance of the reflective region 64 be greater than about 95 percent. In
one presently preferred embodiment of the invention, the absorption region 62 has a
reflectance of about 2 percent and the reflective region 64 has a reflectance of about 99.1
20 percent. One presently preferréd material for use as the reflective region 64 is that sold under
the SPECTRALON trade name by Labsphere, Inc. of New Hampshire, U.S.A. One presently
preferred coating for use in forming the absorption region 132 is black glass.
The purpose of the absorption region is to absorb the stray light generated by the
source optics 18 which enters the sphere. Thus, the absorption region 62 should be
25 configured to cover that portion of the source optics 18 which is imaged on the interior
surface of the sphere through the input aperture 32. The absorption region should be kept as
closely as possible to this ideal size, as making it any larger will result in undue amounts of
scattered light being absorbed.
The source optics 18 are centered on the input aperture 32 and are configured to
30 produce a beam 16 with a circular cross section. Accordingly, the absorption region 62 of the

interior surface 60 has a circular outside diameter and is positioned concentric with the
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15 approximately equal to (tan[err])(b + 2R err]). In the
presently preferred system 10 in which the incident angle ([err]) is |less

t hamr about 10 degrees and in which the second scatter angle ([err])
is equal tot r scatter angle ([err]) and is Iﬁsﬁ“ bout
20 degr ees, ﬂ’@*’&% us of the perineter of the out put aperturegc? t he

focusing mrror (r[err]) may be defined by the follow ng rel ati onshi p:

[err] 20 hapeltafe 4. The fdrasifigwtirtes 40nd the s&bﬂs&tmtsa(hi’e grbfetably

i nci dent beam 16 at the source optjcs 18 gnd r l t he radius of
the sanpling B‘IF&WE‘EF’( such that the outmde diameter of the abso pnon egion 62 is lmaged at the maxi-

mum field Mf&ied e‘f@ﬂe]s%é’ond detector 52, thereby minimizing the amount of stray llght
PCT/ US96/ 18723 n accordance with another. aspect of the

present i nvenwhish may extey msmmdewchfﬁ?gur e 3, the integrating
sphere 3@ has an iqt n 62
surr oundl%ng the sa i oﬁlé h‘g{’%‘%ﬁé’{' éirs@e g)% téMI]'L és%%g ﬁgﬁé@‘é‘gﬁ'ga‘ %u{I}S'} b%‘%ﬁ@d by
coating the regionin thlee!gegutmgnsphma Bc;,cﬁg,tﬂ,n@d\,ﬂz atgtselattedsush that thetfollowinghe

wavel engt h of the g rce ([err]). One such 5 presently preferred
coating is rrafﬁaf’égpﬂ 158 generally referred to as "black glass.” O
course, one of skill | n the art V\AshiB esab@recmﬁp—shﬂgt ot her |ight-absorbing

material s or coatings ?‘Esv-;ﬁe nw That
portion of the interior surface 6(5‘"1’ e sS'H ¥&™hi ch lies outside the

absorption  AlternativeR9 ﬂﬁ@ysﬁ%ﬁ?‘ih’do’ﬁﬁ%:r@d £u%ﬁhﬁ£39|é(ﬁal§ ggion 64. The
reflective region is'configured to refl ect ﬁlﬁ at the wavel ength
gh 3y s‘eh:feéﬁq’

of the |ight sourcl® opswtiomfhesysipm |199f§lsyredfm eharactesizer surface suc
Kk t h : j ik h
nown 't 0;4 hos ?s @t élﬁ'gan'oL h2,ibg n{egﬁx{lﬁéihe%taf 19&?1‘3&@%?%& SRREhERce 17HRF gﬁi‘ﬁs ucshott e

materlals utilnze o Interiof surface 60 are sel ect
t hat the ref| epatiafiequesicies, ivdththefinsihand ranging from /510 /4 gnd the second band ranging from

Jitof,. The system 10 is positioned a predetermined distance above a surface 12 and the light

source 14 activated to direct the incident beam 16 onto the surface 12.
The light scattered off the surface between the first scatter angle (0,) and the second

15 scatter angle (8,) is retained within the sphere 30 and its intensity is detected by the detector

50. Scattered light between the third scatter angle (8,) and the fourth scatter angle (B,) exits

the sphere 30 through the output aperture 36 and is reflected off the mirror 40 and into the

second detector 52 which measures its intensity. The reflected specular beam 22 also exits the

sphere through the output aperture 36 and passes through the aperture 42 in the mirror 40 and
20 enters the specular detector 54 which measures its intensity.

The signals from the detectors are processed in accordance with standard signal
pfocessing techniques well known in the art. They are amplified, filtered, and processed by an
analog-to-digital converter before being processed by a microprocessor. One of skill in the art
will readily appreciate how to process the signals to produce output data in a variety of useful

25 forms.

The power detected by the detector 50 is the total integrated scatter over the first band

of spatial frequencies, or 77S,. Similarly, the power detected by the second detector 52 is the

total integrated scatter over the second band of spatial frequencies, or 775,
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Peraige Syirarazve e g ST Tt 7 CTUT e

than the reflectance of the reflective region 64 at the wavel ength of the
| i ght” sour ce. The refl ectance of the absorption region 62
wi.l | - generally be | ess than about 10 percent 15 with the refl ectance of
the reflectiye region 64 being greater than about 90 percent. lf IS
preferred, h‘BR@U@ﬁ?z that the reflectance of the absorpti od’qTé‘b‘P%W?z be

| ess than about 5 percent and the reflectance ofthe reflective
region 64 be greqh®778NAl T8%) Ribwid) the Ped@Ninteghaled scatter (SISPRABcRINGRS HoWbe
preferred enbodi ment of the’invention, the absorption region 62 has a

ref | ect ance approgimated. This israceqmiplished by imaking theassymption thgt the %b&ﬁmsonas linear

refl ectance; : o terial
for use as t“ﬁlfggr tg%e?%%h %ggaissgr? pggﬁ’iqg@%lﬁat sg'l?ﬁqﬁeﬁgfg{reﬁnm@&eﬁr{d?%et@
SPECTRALON sslopelef the§1S fopction twhpi plotting Ispatial fodquétsy vetswspotal integratedScatter GOner

presently referred coati f Eotdle formn he absorption

regi on 1132 F%°“b‘1“3%§“ Z]FO élgg scale! Eﬁ]e Qgpe (% of the ?indgﬁ"p‘)%'ro B(‘)ss p%)qx'f?ag%d's%bsor ption
region is to absorb the stray |ight gener@Sed by the source optics
18 which enters the sphere. Thus, the aW&mrgplion region 62 should be 25
configured to cover that portion of 4h e, optics 18 which is inmaged on
the interior surface of the sphemé} hrough the input aperture 32.
The absorption regi on should be kept as closely as possible to this

i deal size, Whraking it any larger will result in undue anobunts of
scattered |ight being absorbed. f The source optics 18 are
centered on the input aperture 32 ani ar-f% <ohfigured to 30 produce a
beam 16 with a circular cross section. Lccoddi ngly, the absorption region
62 of the . i i ntac h Lreul ar i dj er and
i's positi oné"é‘“&%‘ﬁ ngﬁé §£Ir thé) %ﬂeﬁth'al Er%aﬁatgcpscaé& fhetibh EI’H)V@L th%%ﬁf 191%gra{e9r§§attter of*

- 18- the surface ovéary 46120 Besired spatial frequency limits may be determined. This is

PCT/ US96/ 18723 S | i ng aperfure 34. The focusing mrror 40 and
the second @Sl ions o AR copt by of dsaencrote) BY spqlfdtneagnaent Ritem g
out si deo di amsatedron@h irlt€pating Gevigd, b beingGoffigufed tb MehstibI®Er ditfelehtspatali -

mum field of view @f the second detector 52, thereby m nim zing the anpunt
of stray |idrauency imits. \\hi ch may enter the second detector 52. 5

I'n one embodi mentrngy, Helbffestive tatiNidkEprated sARe(TES ) OF the BYEARE 1 9 BvérnGhifdiorg t he
absorption region in the integrating sphere, [err], [err], [err]

. . err]
and [err] dputiakfequencies o t/as Which. fPoPBRlengprresponds to the.spatial diggpangy | s

satisfied range measured by another instrument, is determined by the followig/tgRétloh: Si n[ err]
sinferr]-sin[err]

sinferr]-sin[ferr sinferr] -sinf[err M- f P
[err]-sinferr] Lerr] - shgler vl o’ - fu”)
| K" -4
15 The effective RMS roughness (0,) can then be determined according to the standard RMS

roughness equation:

A
O, = ‘/TIS :
T amcosdV T

When the incident angle (0,) is less than about 10 degrees with respect to the normal of the
surface, the equation for determining RMS roughness may be reduced to:

A

20~



Al ternatively, the system may be configured such that [err] equals [err]
In operation, the system 10 of Figure 1 may be utilized to characterize a

surface, such 10 as the surface 12, by neasuring the total integrated
scatter of theygprhfeg 12 over two bands of spatial § W

with the first bandﬁrgangl ng from[err] to [err] and the secon anghclrangl ng
from [err] to [err]. The system 10 is positioned a predeterm ned

di st ance aboveBwncaauldting dle:bﬁ'eaivd rmigandsé, gietroughness of a KOTACE Medsdred Giifh\thd @dtefn(bf
direct the incjdent beam 16 .Pe surfice 12. The ght
scattered of f THE f"ﬂﬁ'&"’ﬂé?% siyeempared fo the rqughness.of 2 s@’ff‘[eé?‘?af‘)’eda\’fﬂh?he
second 15 sdifférestisyaaérgl e ([err]) is retained within the sphere 30 and its
intensity is detecte ?/ t he det ector 50. Scattered |ight between
the third scatter dhgiouldbsaprracisted that the userof ar absoiptipn eagipndn 4 ibteglaling shere,

the spherg 30 Jshf.&HQEH hetéin cﬂf’éaﬂﬂmﬁ@@stﬂ&" ﬁgmaﬂwyaa%fn?%#a?ﬁégﬂxep Or[ ge

mrror 40 and into second ector sures
intensity. Theem@)ﬂtmteféh@pmpml intageating Sphetegucasycermnent system modified tosqniheieen
through the o rture 42 in t

e o 40 ang SaotpusPERiol faciiramied oA IRk iE OIS MEcral e st etfon iy ©
intensity. illustrated in Figure 4T e this erbatisnent; @nystdnel(lwdbmwsumgahetqm atesaed in

cecordence i U SRR Rt et s R ORA AL SRR ST

anal og- t dodi g|ltmknnmulemgﬂerangefméﬁrab@ltMgEf RRRR IRy sdurdd frbARIMBESRSRE. One
of skill int readi |y fppreC|ate how to process the

signals to pr Dﬂl?(‘f’é vyelprath (R ‘?'}‘F Presgnyly;Pesterredrembedimgnt, the light soprge jee laser
The power det edibdbrbducinga 1sket &ﬁﬁl%’&vnﬁé}a Wﬁvéléﬂ@thtd?b%bo hﬂ,tr&W @f%guéé; el |éj‘lt over

the first band of spati al requenmes or Slerr] , the
power det ect ed*o8iFetAd “@%E’G‘HH" #1wtof those lighp squeces jsgown f0f use in arointeigrating agmt ed

_S (13 SE ter over trhé‘asér@\/%@tg%g%? g%&fveﬁﬂﬁﬁl' Bhrct bRy PO e provitled Er%ﬁrg&{nlg ‘the beam of

PCT/ Us96/13872ight generated by the sppach 164.S[ err] and TIS[err] known, the s_pec_t ral
acconpl | shed by napeesn, Wl el IR, spnecs W RRRER sifheedf; Arafius

in | og-10g spd&e. ofwbaut onhto&bamstmmchmfwdutdd)e@;&ai URCik lsﬁmwﬁnntuhtegtaﬁglt@héfk ned
by finding th untlo ottin atia
frequency ver?ﬂ%as‘frgxt"gﬁ ?SQ egrﬁtsé}}fresic@t'f‘éqn’%‘{fé an'n ‘ééﬂe"ﬂﬁgél @ sampligg- | og
scal e. The sl cgpertgm)l 14 fant BeoEhd apernsé 1 18) Hath aRE BpertiRds @todfigured with a circular

20 perimeter. The light source 104, source optics 106, and sphere 110 are positioned relative to

each other such that an incident beam 120 may be directed through the input aperture 112,
through the sampling aperture 114, and onto the surface 102 and such that a specular beam
122 is reflected off the surface and is directed out of the sphere through the output aperture
116. Scattered light 124 reflected off the surface will enter the sphere 110 through the

25 sampling aperture 114 and be retained within the sphere.

A detector 126 is positioned within the sphere 110 to detect the intensity of scattered
light 124 within the sphere. A specular detector 128 is positioned outside the sphere for
detecting the intensity of the reflected specular beam 122. The specular detector 128 is
preferably a "low scatter” detector, thereby reducing the generation of stray light. Detectors

30 126, 128 may include any of those detectors known for use with such systems; presently

preferred detectors include cOnimercially available silicon photo diodes.
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[err] Wth the slope of the spectral integrated scatter function
‘known, the total integrated scatter of the surface over any set of
desired spatial frequency limts may be determined. This is general ly
done to facilitate conparison of data generated by another neasurenent
system 10 - Y3IEWP¥h an integrating device, but being confiNRHEH

nmeasure over different spatial frequency limts. Thus,
the effective totak w.mttﬁah@gﬁdngss“pﬁ&&@,b oﬁﬁgﬁe@r fﬂe)imegraﬁdg mﬁﬁéﬂéiﬁﬁﬁ tHe2 over a
range of spatial frequencies from/[err] err for exanple,

. corresponds mamﬁ@n%axsrem offFiguge & hasyan interior swéfwgé3 hish instades arcahsnrpiéon
i nstrunent 61’? fﬁrﬂfg&?’f@ % %ﬁiga% %[ﬁ%l%q 13 Wt‘tﬂttllleq'@malader L)?{hredrlzt%rgor tsgrf%;%:

ef fective Rl\/é oughness be determ ned accor
st andard RI\/B 130 comprisinggimeflectiveersgian il 3 : Thieoefldctive region 134 icenfigured to neflecidight

ool (L6711 g apulneRalbod SEF0T R SRR el

reduced to: knbwii td those of skill in the art of int&rating sheRe One such material is that sold under

PCT/ US96/ 1872*?13 SPECTRALON trade name by Labsphere, Inc. of New Hampshire, U.S.A. One presently
preferred coating for use in forming the absorption region 132 is black glass.

Importantly, the interior surface 130 is prepared such that the reflectance of the

10 absorption region 132 is less than the reflectance of the reflective region 134 at the wavelength
(A) of the light source. The reflectance of the absorption region 132 will generally be less than
about 10 percent with the reflectance of the reflective region 134 being greater than about 90
percent. It is preferred, however, that the reflectance of the absorption region 132 be less than
about 5 percent and the reflectance of the reflective region 134 be greater than about 95

15 percent. In this presently preferred embodiment, the absorption region 132 has a reflectance
of about 2 percent and the reflective region 134 has a reflectance of about 99.1 percent.

The source optics 106 are preferably configured to focus the specular beam 122 at the
output aperture 116 of the hollow sphere. The source optics are additionally configured such
that the incident beam 120 has a circular cross section with a radius (r;) as it leaves the source

20 optics.

With the specular beam 122 focused at the output aperture 116, the radius (#,) of the
input aperture 112 is preferably sized such that the following relationship is satisfied:

4R,
r, =K 4Rs+ar’ |

for values of K 2 1, where a is the distance along the beam of light 120 from the source optics
106 to the input aperture 112 of the hollow sphere 110. For a laser-based system, K may be
25 assumed to be greater than or equal to v2.5.
The absorption region 132 is preferably configured with a circular perimeter and sized

with a radius (r,,) which satisfies the following relationship:

2R 2R,
= (]+_‘E)r'_ + a“rf
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By cal cul ating the effective roughness, the roughness of a surface measured
with't he system of " the present invention can be easily conpared to
t he ‘roughness of a surface neasured with a different system

‘It shoul d be %ﬁ%ﬁﬁiﬁt ed that the use of an absorption regi périigeashs
integrating s as di scussed herein, greatly inproves the

per f or mance of any integrating sphere. One enbodi nent of a
conventional int egBybdmfguni:mm gystemald0 sechehut teintident paglé (9)ed thedeamof lighe an

absorption regjon. in accor t chin s of t | aspect .of e
present i nvent%@ﬁ lgsg than about wg‘?ﬁ"feﬁ’sFer é‘p'aa° ﬂ"ﬁ%raé’eﬂure g %‘?Pgé%ﬁ% t

a system 100 fbeappmmueyreml Ref, SR wherd £ Isahetlinimum spatial f&qa&mbfmé tcat
surface 102 includes a |ight sourc 104 cagg@l {yprodémp h’? beam of
light at a 10 integratgdsggiten &f@nfgm the prytace. yreTRguE ¢ § the sAmplins; s o
l'aser sousce RLGHNC] 12Gs Héteiine@lsudh that it satisfies $h8 MIWIRMEl86Y3hip: ([err]). In one

presently preferred enbodi nent, the |ight source is a laser di ode
produci ng a | aser beam havi ng a mavelengthpof’m 670 mcrons. O course, the
l'i ght source 104 may include %hy Pk jhose |ight sources known for
use in an integrating sphere measur enent system Conventiona
source opticswiefe are provided for directing the beamof 15 | i ght
generated by the source 104. The system 100 furt her

i ncludes a hol |l ow sphere 110 having a p(agll_us_(_R[err]) A radi us
(R[err]) of about one to about three i nchéRgmould be typical. As is
standard in int egr Ii g.s here measur enment st ens, re 110
is configured wit h WﬁE‘F °‘§E@“¥‘?ﬂ‘ of the presept g‘é(Fﬂﬂ"f'n%X"se ofa ba;ﬂﬁﬁ%?"ﬁ%&@"’lm
and an out put sgRRF aaé&orma@ be EAGifledVy polifioiltht Sdafier detect?Nbb QithiRGhd/hieBrafin
circular 20 perimeter. The Ilg‘zt source 104, source optics 106, an

A

sphere 110 ar éP*ﬁ%%?“ﬂ’ Higethe pagley(8,) between the speculardbgam 182 prshthe linerl 42 fhatwegmthe
i nci dent 4 @eams;.%pm Yerhife D148 birdcldir Qtt8hod 12 id SRkE: ARES L umeég?ag equals

t hrough the sa aperture 114, and onto the surface 102 an uch that a
specul ar beamtan” '(rs/h) Wh!@Z if thedistanesfrerm thefsarfaded 02 to th dnseriondurfase af the ollswv out

of the sphere Hi: L OHIR gan\ Iu%uﬂtp Hlre 308 EIH%&S B‘hee'r 4g nfTéJI ,?% the SR Iggo%l'ecﬁéurg‘ 24

reflected off e sur enter rough t
sanpling apertire 114 and be retained within the sphere.

detector 126 is positioned 110.t o _de ct t inte of
Scat tered T S0, 08 {0 ol el Smineh leni ot B ehisn I
posi tionasl outts belmspebed s Phelight Saurce 104 is activated todiredi@ belird of hghe o the sodred he
reflected specul ar i

m.122. The | ar ,detector. 128 i s ]
preferably a "WPY&H lé)g 3}”0‘8'8? %‘E,t‘ccﬁg&ctt AP t?eéﬂhlé’loh gf"ﬁ@délgﬂ\éﬂhaﬂ‘? BRutof
stray |ight. [pémato1SandGnto the sphdie 1102 OTHitkideRiCicdMexiddthe eshem@% sﬂnﬂ?lﬂ%t ors
known for use with such sy stem; presently preferred detectors

i ncl ude commerappHyTe 3‘/14a47€|f1=%ﬂ3é‘ 3he suglaee mcﬁe@t-eﬁ thelerecular beam 122 and scattered

-21- light 124. The specular beam 122 passes through the sampling aperture 114, through the out-

20 put aperture 116, and into the specular detector 128 which measures its power. The scattered
light 124 remains within the sphere 110 and is measured by the scatter detector 126.

The total integrated scatter (77S) of the surface can then be determined by dividing the
power of the specular beam 122, as measured by the specular detector 128, into the power of
the scattered light 124, as measured by the scatter detector 126. The RMS roughness of the

25 surface 102 can then be determined according to methods well known to one of ordinary skill

in the art.
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WD.97/ 20192 .
PCT/ US96/ 18723 - As wth the integrating sphere 30 of Figure
3, the integrating sphere 110 in the measur enent system of Figure 4
-has an interjor ace 130 which includes an absorption j on 132
surroundi ng *"ﬁ’é\"”g'}a{%l ing aperture 114 with the remai nder %?T’Yﬁ?gi‘?% erior
surface . 130 conprising a reflective region 134. The reflective
region 134 is cordd @elig phited tRicuBl thelsbittbd opties 106, stdy lightis peneehh&nahh of the
i ght source and may be nmde of any of those reflective materials

known to thoesaventiondintegratingispiergmeasyfement:sygiems, Mygh aithe pteay lighywshieh is h
material is g ot 4R eroispeasurd 1RFICEERALERD A By BAlTRE Bl BRNET €.
Inc. of New lh{a}ﬁ%uscﬁ?rnggﬂ%. é{exis&%suf)rrebgently ’prge?g?re ggogti ng{éfor
use in form ¥§ mdasuresbedr Sechostray bight oesullGR what ibenetally Fefigreed to as “optical noise” in

| mportantly, the interior surface 130 i epared such,t hat e reflectance
of "the fo " the BRanRorpinkpengtied Y i st JaBioT ReRS, Y PunhBl ol e abEe! B
reflective rigirowll ikpioad the Bificiesty oF eieGystem. ([err]) of the light source.
The refl ectance qf the or ption lon 132 will_.generall | ess t han
about 10 percent q\ﬂﬂ‘ﬁ"ﬁf\& Efﬂe'éeéftﬁ%ggthf)?mf‘l‘i’e”r"&’f @%ﬁ?%ﬁ ?@éﬁ gfelhai%%? %ei ng
greater thansaRGubul of stray lightRAMCEIPbt sideleqiifl tdihe URMeRH of MOWRIEH bedm af the he
refl ectance of the absorption region 132 be |ess than about 5
percent and lene Thefsiray light emangtesfiom the squseerapties ip alhdimstia®d be greater than
about 15 _ i | r r . ik .

absor p'?lié on regi oﬁ%gﬂ'%gﬂgpr%%?ﬁggngﬁgge offed O?E.tgd;y ﬁgglolgtm) g‘qgﬁé@gg}mﬁ%ﬁ% t he
reflective rAgillostrat@ViniguresS, thef sizsof thedrcident sitap light gonell et thersampling aperture

The source opi, . rahly ' . o] | beam
125 at the PSSR BE BRER H e Aol iich 20 THE, WHEn HRSEY B
optics are abhidithe intepiol yurface 1300afitkxcsphere hinstead of reflediiap irttd cheisplaare] diris abizeded 120

has a circul ar_cross secti.on a radius (r[er as.it .| eaves the source
50" * Copt 1 B the absorption region 134y e PrRSEHe e R P e abetod oL POTE

out put Bpert b¢ Rddced Frond dhat ilhitrated ir th phanton Kes &IS2 to the cone 15apMHicARAINs oM 112
Is preferably sized_ such %hhat the following relationship is satisfied:

[err] spepylpr reflgction offthegurface 02 where a is the distance al ong the

beam of |ight 120a8#vaqigtduSlySiBbEted) HRRE dond 154 generated Gdni soral t@:irmukd 3ffehd ur e
112 of the holl ow sphere 1{0. For a | aser-based system may be 25

assuned to baurfceal exits thesphese thepsd|the Qptpus apgrures1 16. Hence, virtually no sty light
absorption reggiQ %eams_%iztﬁérgetgétg; BIc2 g a6l eh SiithiRate WibkfAnthg b Sﬁ%@g{)@% W BB

: e
and sized radius (r[err]) which satisfies the | OW ng
rel ati o¥¥shi pfche integrating sphere results in a substantial increase in the measurement accuracy of the

system, enabling roughness measurements down to the one Angstrom level to be achieved.

While a small amount of “secondary” stray light will be present when operating the
system, this can substantially reduced by ensuring that all system components outside of the
sphere 110 are made of, or coated with, a material which absorbs light at the wavelength of

25 the incident beam 120.

The signals from the detectors are processed in accordance with standard signal
processing techniques well known in the art. They are amplified, filtered, and processed by an
analog-to-digital converter before being processed by a microprocessor. One of skill in the art
will readily appreciate how to process the signals to produce output data in a variety of useful

30 forms.
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[err] . WO 97/ 20192 _

PCTI US969d.8723 By configuring the system 100 such that the
i mci-dent angle ([err] ) of the beam of |ight 120 is |l ess than about
10 degrees, t §7Aadigds of the output aperture (r[err]) may pergeyghsdsred to
be approximately equal to [err] where [err] is the mninum spatial
frequency of the total i ntegrated scatter neasurenent of the
surface. Additi onaltkhould beeappreciated that {henpparatas anid meetlwdspf the gresént inventiaperet ur e

114 i s determ ne ch that it satjsfies_the, fol rel ati onshi

Corr] capable o SemErTERRratE e o 855 HHIFEY 2 SBPOR e Bl v OSBRI on
the use of a Rakfbkéh illestaieli @hdlddstitbed above. ThéMeédtidh nﬁybeahwdxdaayo&her fomay ded
by positioning the scatter detector 126 within the I ntegrating

sphere such t ithout depagiing feom ftespiritr sw%@bwam@nstwécﬁhea#esg@aﬁﬁm@ﬂaw e
line 142 pet Weeh. doliGidet& in all re3FEER dnugasqmsfrst%%n&.l& rmuwsnm@&& éoﬂﬁs ect or
126 is greater than [err] where [errL equal s an[errl(r err]/h),
where h is thmvmtmmﬂ@refqremdméedshxﬂ eanperdod claimstrayber thandyyi the fosegoingce of t he
hol | ow re n

“normal to th ed% g’ce ch:Il gsr %ﬁg?g%nﬁkgwﬁﬁﬁ {he%egngig. z:xlnéh rglllg%no?ea 9alency ﬁf tgi
operati on, thelamsstﬂmbé@&bmemmﬂﬁiﬂecbpa. predet erm ned di stance froma
surface 102 15 to be inspected. The light source 104 is activated to
direct a beamof light into the source optics 106, At the source
optics 106, the incident beam 120 is directed through the input

aperture 112 and into the sphere 110. The incident beamexits the sphere at
t he sanpling aperture 114 and reflects off the surface 102 creating
t he specul ar beam 122 and scattered - i ght 124. The specul ar beam
122 passes through the sanpling aperture 114, through the out- 20 put
aperture 116, and into the specul ar detector 128 which neasures its power.
The scattered light 124 remains within the sphere 110 and is
nmeasured by the scatter detector 126. The total integrated
scatter (TIS) of the surface can then be determ ned by dividing the

power of the specul ar beam 122, as neasured by the specul ar detector 128,
into the power of

254
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the scattered light 124, as neasured by the scatter detector 126. The RMS
roughness of the 25 surface 102 can then be determ ned according to
met hods wel | known to. one of ordinary skill in the art.

- 23- WD 97/ 20192

PCT/ US96/ 19 7439720192 - i ght passes t hr ou§ATR%&%68r ce
optics 106, stray light is generat‘é]dA&sn conventional integrating
sphere neasurenmeqnt SyghREod foithbrabbridi s%m@eycémﬂmn W Ldpsiod

introduced into the sphere is neasur scatter det ect or, thereby
causing errors in theselectmgaplufﬂltsoﬁwéﬂ?éﬁ@rﬂ fremeqﬁesmcwmmsgwupp@smﬂtas in
what is generallmv;epf,%{red to as "optical noise" in b5 t he nmeasurenents
generated by the scatter detector. Hence, any reduction of the optical

noi se f1 oor V\dlrdctmgmba@meafﬂnﬂﬂ hevihg a:kmwwayfelengtbostyshmrface ata

Most stray |i.ght the so ) he source optics
behave %s a know ??ng%ngg hresP tstg'fhﬁe@? fhevau& “a spot size equal to
the di aneter of the Imﬂbdfagtheheﬁmwﬂertohﬁght correspondingﬂs eachitf tirtselested bads
emanates fromthe_.sou tics in all directions. 10 By
utilizing the pr ggﬁ’ﬁ?al?"ﬁ%‘éeﬁ?f’%n the effect of stray light is substantially

el i m nat ed. Amedshfingsthé ﬁi&%tégi'at&l .G:Ht"t& o’f_ieach e theisaiectef banlEof sparjatient
stray light cone 150 at the sanplin 114 is approxi mtely

the same size asfeguengpshyrdstecting theis %ﬁYﬁﬁleWlem'@n the stray |ight

hits the interior Sura hé%@alﬁ%ftraﬁd alf@rdﬁmhmte% r%dfo@fel- T% atmo the
sphere, it is absorbe e absorption region esent

i nvention enabl efrequeacy fof pash ofte selecter tandsie extiomes ﬂlesl?@stfal mteg;gthl e@t}@ed from
that illustratedg]n.{h hantom | i nes at 152 to the cone 154 which results
from specu ar ‘reflection off the surface 102.

Advant ageousl y, the ssppagxithatopgtthectotabintegritegescattenvfttic furfane ater desired spatial
reflected off th . . Surface all..exits e through the out put
aperture 116. Heﬁ'c‘f%‘fe“\:/)f l?'f“ff’;%’?/a'ﬁ(gpeé‘"?é@ewtﬁ%f‘caﬁersfe“&'o enters the scatter
detect s 126. The. abi AirhéthddfortharicRiitifg & sibfateaidefhddyin dlbim waHerﬁ)tQié&t%yofi ght
from 20 the integrati 3;3 ere, fgsults in a, substanti mg;ﬁaselnthe
measur enent s&'&%‘ﬁ‘ﬁ&c@gﬂftyf’ nds of spatial frequencips cOmprses SHFCHRg A ﬁ ¥ Menent s

down to the pp& IMBOF) b lo®éehimit g;)ad @&é&h@%’@ébcond band havmg an upper 1\ (7§ aid
-smal | anount of "second ary" stray Ilght resent when operating the.

system thi ieyer %b@ﬁ)eﬂﬁ‘fil"ﬂﬂey'ﬁséﬂﬁcw bire WISHQ‘ thatshe following sqlgipnship
conmponent s qQliapikflg: of the

54
Lo h
20 3. A method for characterizing a surface as defined in claim 2, wherein the step of

using the total integrated scatter data and the upper and lower limits of spatial frequency for
each of the selected bands to estimate the spectral integrated scatter function comprises
assuming the spectral integrated scatter function is linear in log-log space and determining the

slope (n) of the spectral integrated scatter function according to the following equation:

25 where
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sphere 110 are made of, or coated with, a material which absorbs |ight at

t he wavel ength of 25 the i ncident beam 120. The signal s
fromthe detectors are processed in accordance with standard signal
‘processing tegyhAmMes well known in the art. They are anpligdeghseidzhd er ed,

and processed by an anal og-to-digital converter before being
processed by a m croprocessor. One of skill in the art will readily
appreci ate how to process the signals to_grod@ce output data in a variety
of useful 30 forns. K = f f ’

- 24- WO 97/ 20192 4 2

PCT/ US96/ 18723 It should be appreciated that the apparatus
and net hods of the resent inventjon are capabl e_of

i ncor por at ed Where #E5 fsghe oAl infegratpq septfer of the fis¥ gelest '%a“d 8?&"9““2%;“ 4 gts i ch
have been il ggt rs%ﬁmmm@eg%&%a&%@fﬁb%%m JdNR1dd YRGS spatialBequbRimbodi ed i n

ot her forns hout” departing fromits spirit or essential
characteristics. 'Fhe de"smp‘ihb‘éﬂbrémmwmasbfuﬁ?@ ag defineq ip dipim dowhareidfn al |

respects onIyar%%léét#&%%%{r(vg%ﬁpgﬂnot restrictive and the scope of the

I nvention is hérefore by the appended clains rather than by

t he foregoing 5. desmethpd fop mhar&dtérizhigarsgﬂ‘sce\nh defined imhi:wBt Wwheveih e stapafi ng

? Egl : ag ggpgf e%rc'»éx’x%alitﬁlg%{e t%Ial %npeegrated scatter %l” ﬁl‘e Sarfaee over%esned spai i rquency Enrr]ﬁtsn
comprises determining the total integrated scatter (718, ;) over desired spatial frequency limits

according to the following equation:

minn - fmin"

71S,, = IS, LA

n

1 2
where f;, and f,,.., are the desired spatial frequency limits.

10 6. A method for characterizing a surface as defined in claim 5, further comprising
the step of ascertaining the RMS roughness (0,,) of the surface over the desired spatial
frequency limits for surfaces having a roughness less than the wavelength of the beam of light

(1) by calculating the RMS roughness of the surface according to the following equation:

A
o 1/TIS .
oo 47cos0,

where 0, is the incident angle of the beam of light with respect to the normal of the surface.

1S 7. A method for characterizing a surface as defined in claim 5, wherein the step of
directing a beam of light onto the surface comprises directing a beam of light onto the surface
at an incident angle (0,) less than about 10 degrees with respect to the normal of the surface
and further comprising the step of ascertaining the RMS roughness (0,,) of the surface over
the desired spatial frequency limits for surfaces having a roughness less than the wavelength of
20 the beam of light (1) by calculating the RMS roughness of the surface according to the

following equation:

A
o, = —JIIS . |,
T 4n )

where TIS ;s the total integrated scatter over desired spatial frequency limits,

-27-
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1. - A nmethod for characterizing a surface, conprising the steps of

sel ecting a p| Ity of bands of spatial frequencies, eac i n upper
sel ec Blo%ahbi Bl

8. A method for characterizing a surface as defined in claim 1, wherein the step of
collecting the total scatter of light corresponding to each of the selected bands of spatial

frequencies comprises using a plurality of optical integrating devices.

. 9. A system for characterizing a surface, comprising:
5 a light source capable of producing a beam of light at a predetermined
wavelength (A);

source optics for directing the beam of light toward the surface at an incident
angle (0,) with respect to the normal of the surface to thereby create a reflected
specular beam and scattered light;
10 a first optical integrating device positioned and configured to receive a first
pértion of the scattered light, the first portion of the scattered light extending from a
first scatter angle (0,) to a second scatter angle (0,);
a first detector positioned to detect the intensity of the first portion of the
scattered light; _ '
15 a second optical integrating device positioned and configured to receive a
second portion of the scattered light, the second portion of the scattered lighs

extending from a third scatter angle (0,) to a fourth scatter angle (6,);

a second detector positioned to detect the intensity of the second portion of the
scattered light; and
20 a specular detector positioned to detect the intensity of the specular beam.

10. A system for characterizing a surface as defined in claim 9, wherein the scatter
angles (0,) are selected to correspond to predetermined spatial frequencies (f,) of the surface
such that the following relationship is satisfied: 8, = sin'(sin®, - £,A).

11. A system for characterizing a surface as defined in claim 9, wherein the first

25 optical integrating device comprises
a hollow sphere having a radius (Ry), the hollow sphere configured with an
input aperture, a sampling aperture, and an output aperture,
the light source, source optics, and sphere are positioned for directing the beam
of light through the input aperture, through the sampling aperture, and onto the surface
30 and such that the second portion of the scattered light and the specular beam are

directed out of the sphere through the output aperture, and

8-
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lower limt; directing a beam of Iight havi ng a known

wavel engt h onto the surface at a 5 known i ncident angle with
respect to the normal of the surface; col l ecting the
‘total scattery@fdeigght corresponding to each of the sel ect ggriaspsrs

of spatial frequencies; measuring the total

I ntegrated scatter of each of the selected bands of spatial
f requenci es by dewmeihm sbtmdiopﬁ@ahhieggatiog devive compilisss & Egusingyiirror tonfigured

using the total inte catter data apd, the uppe

spati al Wwith an outpdl sp ﬁ‘érﬁi Q}W'F’ggheeggﬁﬁ'fﬁf)?e 8 ‘ggsr @8? Hs’%ﬁ'&ortpg%é'fl mat e
the spectral td Rtaed AddeeNesCtht ke2bnd portion of the scattered lighCintoothe se2Bd detector.

approxi mating the_tot aI i nt e%r ated scatter of th? surfgce Oveil? der?ll red

spati al 12 Apysis R ERpracienizing a syrfiee phdefiagoin claim 1], yhegrming ipput
scatter 4u nch#wé?ﬂwe dfRhe hollow sphere has?n mrcular'%eﬂﬁ%tlépdxtlfx Q FadiR Y 2 He QhplindGpérture

surface as defined in claiml1l, wherein the ste sel ecting a
plurality of obthahslliay sphereiags cirqularperimste vith 'Pss(éé the ptpyt angrtyie pf ?hgt band

having an  iiow g}ﬂga;}% #blﬂ!uiar f)&ﬁﬁé’tér)mﬁx’!ﬁq'a&ui 0")efhe Iﬁicﬁhg%%[r rhhda aﬂfglaf oner

sel ecting a secon aving an upper lrmt (lerr
limt ([err] periraeter wittea midims {re))r 4nd tl&mixt;[t&apehuwaf teefoausingdnigochas aleirtularhe

foll owing rel atr'n&erwnhpa dius is satisfied:
[err] 20 3 ")A met hod for characterizing a surface as

definedion clai m 3. whespkdin foh ehaddctdizing a surface as definednig clalie 1 1.Gktrkein the digst at ed
scatter data and the u s of s atial fr ency for

cach of ¢ he. SEPECT BaoBITA vBmebs MeRting hcrs Siate b gl (Fa DEVbE At or
function conppdciRFbeam and the Ihé BbtWesOtht BnpRRE SricFtate and Uﬁ@ﬂrﬁtd%ct%ﬁ i%tgﬁ'&fer than
function is linear in |og-1og space and determ ning the sl ope (n)

of the spect Ol int egrated scatter function according to the follow ng
equat i on: [erid. 25A systen\¥® tRaracterizing a surface as defined in claim 12, wherein the radius

26 15 of the perimeter of the sampling aperture (r;) is determined as a function of the first scatter
angle (0,).

15. A system for characterizing a surface as defined in claim 14, wherein the sphere
has an interior surface, the incident angle of the beam of light (8) is less than about 10
degrees, the first scatter angle (6,) is greater than about 45 degrees, and the radius of the

20 perimeter of the sampling aperture (r;) is approximately equal to k(tan6),), where 4 is the
distance from the surface to the interior surface of the hollow sphere at the sampling aperture
. along a line normal to the surface.

16. A system for characterizing a surface as defined in claim 12, wherein the radius

of the perimeter of the output aperture of the hollow sphere (7,) is determined as a function of
25 the second scatter angle (0,).

17. A system for characterizing a surface as defined in claim 16, wherein the
incident angle of the beam of light (0,) is less than about 10 degrees and the second scatter
angle (8,) is less than about 20 degrees and wherein the radius of the perimeter of the output
aperture of the hollow sphere (7,)) is approximately equal to 2R tan0,.

30 18. A system for characterizing a surface as defined in claim 12, wherein the

incident angle of the beam of light (0,) is less than about 10 degrees and the third scatter angle

-29-
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PCT/ US96/ 18723 [err] where TIS[err] is the total integrated
scatter of the first selected band of spatial frequencies and

TIS[err] is the total integrated scatter of the second selec d of
spati al freqwgr%?‘e‘é 4. A et hod for char‘é‘é’@gf’gﬁ

surface as defined in claim3, wherein [err] and [err] are sel ected

such that [qepks l'é‘ﬁliﬁdnsabBﬁQb]degées, and wherein theSrinimum/adiB SQfe f&imeter of the
characterizing a surface as defined in claim3, wherein the step of

appr oxi mat i rfigeusing Migerrzo) 'ﬁ@egmme@mgaﬂtteﬁareﬁa)(b H@Rahwhere & eayaly the distaneed
spatial fre g‘%ﬂa‘tmétﬁe specular b ednfl BRh tﬁ@?utg&t géﬁuré‘}:ﬂ% héifow Phde 1 g eor at ed
efr d r cy 'rmts

scatter (TI over S re spati a accordi ng
tothefollcfmi:usiygmiuation [err] vvhere[err] and [err] are the
desired,spati al éequ

char act %r I zing a“Surf § Q{%{g h’d 5*"%“381? cﬁ“afr‘?ﬁ% det?']fp f%g?'mcq‘énﬂﬁ?rglpﬁ&
the step of imddenat énglemﬂnlg: ticlra oRlifht (Q)rgﬂnseﬂm acat 1Q degodes tthese%bmfs%ﬂ&zr@wg!é t he

desired spat u ts fo surface avi hness
os Chan’s Bl toss than b 20 e, o ing Rech i seatier angle .y oo s W BB at i ng
the RVB roumgﬁis,%cu‘ndwereﬁuﬁé REGRs 3EMe peirderloF thelTBodsik lnm%ntg,ﬁ?ﬁueﬁdeea

where [err], I's the incident angle of the beamof |ight w respect” to the
normal of t e Bllpwing selatipgship: 7. A method for characterizing a
surface as defined in claim5, wherein the pstep of directing a beam
of light onto the surface conprisestdix €ct Qfoa beam of light onto the
surface at an incident angle ([err]-{@[ | ess than about 10 degrees

\é\"t ;g gﬁﬁggg;r*eg? Zn E'(Elaﬂqw@ﬁ@[e al%ﬁ%hh%éaihao??re sPﬁul P@atnﬂfg&ﬁ Ll%,efogﬁ uf gé;gr)tru'reséfn g the
the desired th@hﬁlload sphcretpﬁa&;cu*mgmtrmrf or surfaces having a roughness | ess
Lyan, the vavel enoph o Sfen o SSr B Chrbidluchhstd Mgt SRLelal 19 e
[err] incident angle of the beam of light (,) is less than about 10 degrees and the fourth scatter
angle (0,) is less than about 20 degrees, and wherein the radius of the perimeter of output
15 aperture of the focusing mirror (r,,) is approximately equal to (tan8,)(d + 2R;), where b equals
the distance along the path of the specular beam from the output aperture of the hollow sphere
to the focusing mirror.
21. A system for characterizing a surface as defined in claim 12, wherein the source
optics are configured such that the incident beam has a circular cross section with a radius ()
20 as it leaves the source optics and wherein the radius of the perimeter of the output aperture of

the focusing mirror (r,,) is defined by the following relationship:
. 2R+b 2R+b
r,, = (+ oo + o,
2R +a 2Rs+a
where a equals the minimurm distance along the path of the incident beam from the source

optics to the input aperture of the hollow sphere and 5 equals the distance along the path of
the specular beam from the output aperture of the hollow sphere to the focusing mirror.

25 22. A system for characterizing a surface as defined in claim 12, wherein the source
optics are configured such that the specular beam is positioned within the output aperture of

the focusing mirror.

- -30-
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where TIS[err] is the total integrated scatter over desired spati al

freguency limts. -27-
WD 97/ 20192

‘PCT/ US96/ 187 8. A nmet hod for charac by 72l A
surface as dg‘g?r%n ¥ claim 1, wherein the step of tpco{"%gdgg?ng t he

total scatter of |ight corresponding to each of the sel ected bands of

spati al f 2 quen§ism foPEhafdcRefizing & butthc@agefihedl ih tiin0L2, Gfefeirithe source

I ntegrating devi ces. 9. A system for characterizing a
surface, co nﬁptp@iaffgqon@gured such that the specular beam :safopqsgq.,?t the optput aperhue phthef
produci ng a %gm,é),fmr}g,‘ght at a predeterm ned wavel engt h
([err]); source optics for directing the beam of

| i ght toward the 24rf ok eystem fancharasiedeing a surface as defined in claing 2}y [whereinthe Fourceyj t h

respect 4ot aﬁtziidr%glse%hﬁ red %\@I? ?13{{%:99\?8&9 bbdie ﬁ&l%ycirgﬁlglaérgss@e&ﬁé%taquius 7

specul ar bea scattere Irst op ?cal
i ntegrating deiieaeespsiouice optitsandiwboeih ithpradius ¢fahe pecigietee ofith inpst aperture of

portion of the,scattered light. .the first port.ion of the scattered |ight
ext endi ng frghﬁhgﬁows" it} 'S%eéﬁedtbyﬁfes#?lioé%%fﬁeféii'o'gﬁ'ﬁl e ([err] ) to a second
scatter angle ([err]); 4R, a first detector positioned

to detect the intensity of the first; T)d‘?}ggy:yb t he

scattered light; 15 _ ~& Second optical integrating

devi ce posit kRARePSTK € AMNvhérb!h 84hals@hé BSEACE AloRg the beam of Ii%!'n from th§ﬁﬁ%q?)_tics

portion of the scattered | '3@51 the second portion of t I ght
(o)

e scattered
ext endi ng fr &hihg input sRgrturepf How srhere and p eqals the distapngralans dheatheel thigl e

(Lerr])qo | from th 2remE oPINd nAIRE SInele 10 AitbduRig thifky, det ect the
intensity of s?eﬁgag%egglnaomp%ff?tgﬁtac?f t he S scat ?er‘ed i ght; and

20 . 25. A systegploc chasactetiging ¢ swfacp assdefineshia glainy 24 evhersin thi ght
char act of i 71 A e OB Ehad B8R md K225, i 1o, wherein the scatter
angles ([err]) ar26.selAsyseth fooclnocterigpg adurfase ps defieedin wlaime 42, sytetdirathe first
frequenci es gL&é’aY i]n2eg%ftiné Egvicse'furr];h%ig gomprises an interior surface including an absorption region
15 surrounding the sampling aperture, the interior surface of the sphere outside the absorption
region comprising a reflective region, the absorption region having a reflectance less than the
reflectance of the reflective region at the wavelength of the light source.
27. A system for characterizing a surface as defined in claim 26, wherein the
absorption region of the interior surface of the sphere has a circular outside diameter and is
20 positioned concentric with the sampling aperture and wherein the focusing mirror and the
second detector are positioned such that the outside diameter of the absorption region is
imaged at the maximum field of view of the second detector.
28, A system for characterizing a surface as defined in claim 26, wherein 0,, 8,, 6,

and 0, are selected such that the following relationship is satisfied:

sin0,-sinB,  sin0, -sinb,

sinB,~sind,  sind,~sin,
25 29. A system for characterizing a surface as defined in claim 26, wherein 0, and 9,

are selected such that 6, equals 8,

-31-
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such that the following relationship is satisfied: [err] =

sin[fetr](sinferr] - [err]). 11. A system for

characterizing a surface as defined in claim9, wherein the first 25

optical integrating device conprises a holl ow

sphere havin 037’?'5% us (Rlerr]), the hollow sphere confi glFEFR 1 3an

i nput aperture, a sanpling aperture, and an out put aperture,

the |ight source;qsou i : it 0B i ng

the beam B e e B o e e Phe

sanpl i ng apémnabant 18degresst o t he surface 30 . and such that the
t he

second portion o r I th .
di rected out of élhe S%E)gs?etéﬁ ﬁﬁ?%ﬁ%%g{}ﬁéggg’?‘aﬁﬁg S %%gg‘ﬂ??ie" "Tl?g?f(r}]' Hdbei the
- 28- second scatter\4hgla {6,) 1162 than about 20 degrees, the second scatter angle (0,) equals the

PCT/ US96/ 18723 erei.n the second, optical integrating
flovi oo bomp hkscatsr magls G gnd e FES G HF PETReIE of the foolbing ot b el
aperture f oby #elfolViwidl fehdofsipeUl ar beam to pass, the focusing mrror
positioned - to receive and refl ect Ehe second portion of the
scattered light into the second detrgot:tzqr]..__ro , 12. A system
for characterizing a surface as defined i BRglai m 11, wherein the input 5

aperture of the holl ow sphere has a circular perineter with a radius
(r[err]), t nehercdaualsthealirtancepleng the path of the spagalarhsmdionsibp enteutapsrtare®f r cul ar

peri meter Wtﬁe%oﬁo&@éie\’egto(tﬁéﬁ:@ﬂ&ﬂwi&? out put aperture of the hol | ow
rcular perineter

sphere has a ci h'a radius (r[err]), the focusing mrror
has a circular 32. A system forcharactérizinga sndictie us d¢finpeinrc]ajm 26 neherdine the digltu t
apertui of the focusi ng myror has a circul ar perimeter with a
radi us (?r[els?‘j'fe.mﬂ?"ses aserbeam. 13, A system for characterizing a
surface as defingsl i nAcysténitdricharidi@izitign sufffcefak defined in claim 9, GRéreif thrfirbts

positioned withipn the integrati sphere such that the angle err])

bet ween t he optical ‘"“’_gmé‘ﬁégﬁ‘f'gfr‘s &E@%"aﬁam% AR ATTHE M8 SR BeRms Phg
aperture anguékig thesSdond pbRioh OF the ScaiteRaligkt tb BAB and wherein tHeSkédnd optical _
14. A system for characterizing a surface as defined in claim12, wherein

the radius imegratinggieviceis cpufigurgdivath araperhise haying 3 qrgulaprerimstes fqr ajleyipg thej o

det ermpfled Jfecdlaf AR foPassOf the first scatter angle ([err]).
15. A system for characterizing a surface as defined in claim 14, wherein

the sphere 34. hah system foraneagiring theftplelintegrated iseattietiefi o susfaest eonatrisinge beam
angl e (Lot 1] ) 15 gr capiy SpRE RRBHtedflan uident LRI SER ot b Ryl kVloRER | 0
perimeter of thersgepling aperture (r[err]) is approximtely equal to
h(tan[err] ).’ where h iSOSUI’(;ehOePtiCS for directing the incident beam at an incident angle (6,);
20 a hollow sphere having a radius (R;) and configured with an input aperture, a
sampling aperture, and an output aperture,
the light source, source optics, and sphere positioned such that the incident
beam is directed through the input aperture, through the sampling aperture, and onto
the surface and such that the specular beam reflected off the surface is directed out of
25 the sphere through fhe output aperture,
the interior surface of the sphere including an absorption region surrounding
the sampling aperture, '
the interior surface of the sphere outside the absorption region comprising a

reflective region,
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di stance fromthe surface to the interior surface of the holl ow sphere at
the sanpling aperture along a line normal to the surface.

16. - A systemfor characterizing a surface as defined in claim12, wherein
1t he radius of the perineter of the output aperture of the holl ow

sphere (rlerrll,dpofhgtermned as a function of 25 the see@RRoGGHMst er
angle ([err]). 17. A system for characterizing a surface

as defined in claim 16pe Y\BFRbR rdeftfh having a reflebtifice 438 thad Bl réficRfantd 16 theam of
light ([err]) is less than about "10 degrees and the second scatter

angle ([err]) is teBeative negionadyouthe davelengthorengenfdhadight sourcet he radi us of the
perineter of the outpu : . : . 1) is
approxi mat el y equal tog %rdﬁeftgﬁ (gsﬁtﬁo?{g(??ghette&ﬁng'?ﬁ’é ﬁﬁ}%n@%ﬁé}ﬁ V&{hisn;e/té%em for
characterizing a sphefeaad as defined in claim12, wherein the

Ot NG O e DR dckdo hod et o i i Ay R redhedo0r e
- 29- specul¥i®edrm/ 20192
PCT/ US96/ 18723 (t[err]) is less than about 20 degrees, and wherein
the m ni num radi uds-of AnEsigRfar mepgyringthetotal integrated scatisk ok fface asdgfinediper 1)
IS approxi ma it : § WHEER e

o 36 i he W BREE pefished e it oo SR UL D

di st ance e spec eam from
aperture of the hd6.| owAspsdtem for measuniog the total integrated scattgr of ¥ supface 4 defined in

19. A, system f har agt erd zin surface as .defin inclaim2l1?2 rein
the 1675 3k SR Seald I ontBaiO s BF fhah iy 34 Pt o806
10 degrees, tréfiecraneaidhesxebdcties regiog lissgreater than abpwrao]perdest. | ess t han about 20
degrees, and the cond scatter angle ([err]) equals the third scatter

angl 6 (Lerr]).  andlunonarSiet FE medniring diioiliblegfit et obt S 3gehudiy
mrror (r[ericam 38, wikkdine€ réféctance of thelaBSorptin rpibMi Idsethah ks BipBrcent ah&iHe] 10
where b equal s the distance along the path of the specular beamfromthe

out put aper t eflectgnee of the refloctive Fegion dvgregierahan abgutiHePercsBtusi ng mirror. _
20. Argystem f ogg chapachgh bl %ig%“%}tt@\fiﬁé\%?ra%fsbﬂ@g o!i' zgsulﬁa@é D dkfnedier ein

t he i nci dent angle of the : ] ([err]) ess than about
10 degrees arsthim Bé wheesin the sbsprntion region comprises black glass.

39. A system for measuring the total integrated scatter of a surface as defined in

claim 34, wherein the source optics are configured to focus the specular beam at the output
aperture of the hollow sphere.

20 40. A system for measuring the total integrated scatter of a surface as defined in
claim 39, wherein the source optics are configured such that the incident beam has a circular
cross section with a radius () as it leaves the source optics and wherein the input aperture has
a circular perimeter with a radius (#) which satisfies the following relationship:

. 4R ,
! 4Rg+a '’

for values of X > 1, where a equals the distance along the beam of light from the source optics
25 to the input aperture of the hollow sphere.
41. A system for measuring the total integrated scatter of a surface as defined in
claim 40, wherein the light source produces a laser beam and X > v2.5.
42. A system for measuring the total integrated scatter of a surface as defined in

claim 35, wherein the incident angle of the beam of light (0,) is less than about 10 degrees and
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angle ([err]) is less than about 20 degrees, and wherein the radius of the
peri meter of output 15 aperture of the focusing mrror (r[err]) is

approximately equal to (tan[err])(b + 2R[err]), where b equals t he
di stance al onﬁ the”path of the specul ar beam fromthe out put agerture of
the hol | ow sEREVY to the focusing mirror. A
system for characterizing a surface as defined in claim12, V\/nerel n the

ciroular cor abereiihy 6o Wﬁf'ﬁﬂﬁﬁh%*ﬁ?a‘?ﬁ%@ﬁﬂf*“B%%“Wgqﬁﬁ*"r@%%?ﬁﬁﬂ
sour ce opti #s,28:d whbeey/g) inthelmanimaoh spatiabfrequiercyé thertetakintegfatediseattent put

aperture of ng mrror (r[err]) is defined by the follow ng
rel ati onshi measurTmenEthth)u%Eé where a equal s the m ni mum di stance al ong the

pat h af the | nC| dent Ascpstent fo@mehdnangﬂmtael mtegrated scattpit ofasutfacetad definep it

apertur Ilow here and b e di st ance al on the. t h of
he. spebul arlaeAimietHh B Soioth HEs SpenghEd stenchas Heanast SRERS Seebittie
focusi ng m crqRs secﬁéh with a radius () as?t%avestﬁe%éeﬂﬂﬁ:ﬁnd%feﬂ?ﬂm@ kdnfpling agertatd f ace

as defined in claim12, wherein the source ptics are configured
such that t s sgeulsr Berinsterithae radivs @3 avhich safisfies the fqﬂewaﬂtrﬂmonahert ure of
the focusing mrror. roo- Xr

- 30- WO 97/20192  ry=-2——1 |

PCT/ US96/ 18723 23." Alsy&temfor characterizing a
surface as h Jied in claim22, wherein the source optics are
configured such that the specular beamis focused at the output aperture of
t he focusing mrror. 2R, 24. A system for

characterizing a surface as defined #n=c L 23, wherein the source 5
optics are configured such that the incident beam has a circul ar cross
section wit hvlﬁrd’cﬁdjuuﬁ ﬂ(el’({i.\ﬁ!idd: along the beam 8flight frémk théaBurcé Optice s the inpt | Cs and

wherein_ the radi ust:?1 ,1 grimeter of the input aperture of t he
hol | ow!€pheragertyrs ef the hollaw sphetened by the fol | owing rel ati onshi p:
[err] 4ar valsy@sm &r neadiPinp Ihekotal HRpAted sQiitéRbSa subBccsHefitasn al ong

the beam of |ight fromthe source optics
claim 34, wherein the source optics are configured such that the incident beam has a circular

cross section with a radius (7)) as it leaves the source optics, the input aperture has a circular
perimeter with a radius (7,), and wherein the absorption region has a circular perimeter with a
15 radius (r,,) which satisfies the following relationship;

2R, 2R
r, = (1+ )r,. + — r,o,
a a

where a is the distance along the beam of light from the source optics to the input aperture of
the holiow sphere.
45. A system for measuring the total integrated scatter of a surface as defined in
claim 43, wherein the scatter detector is positioned within the integrating sphere such that the
20 angle (8,) between the specular beam and the line between the sampling aperture and the
specular detector is greater than 8,,,, where 0, equals tan™(r¢/#), where 4 is the distance
from the surface to the interior surfice of the hollow sphere at the sampling aperture along a

line normal to the surface.
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to the input aperture of the hoIIOM/sphere and b equal s the di stance al ong

t he path of the 10 specul ar beanrfronrthe_output aperture of the holl ow
sphere to the focusing mrror. - 25. A systenrfor
charact eri zi ngygopihdace as defined in claim24, wherein the

source produces a TAser beamand K [err] [err]2. 5. PCT"E%"S% A
system for characterizing a surface as defined in claim12, wherein the
first optical integrating device futfher conprises an interior
surface including an absorption region 15 surroundi ng the sanpling
aperture, the interior surface of the sphere outside the absorption
region conprising a reflective region, the absorption region having a
refl ectance |l ess than the 10 refl ectance of the reflective region at
t he wavel ength of the |ight  soluxce. 27. A system for
characterizing a surface as defijned in claim 26, wherein the

absorption region of the interigr surface of the sphere has a circul ar
outside dianmeter and is 20 ositioned concentric with the sanpling
aperture and wherein the focusing mrror and the second det ector
are positioned such that the outside dianeter of the absorption region is
imaged at the maximumfield of view of the second detector.

28. A system for characteri #dng.a surface as defined in claim26, wherein
[err], [err], [err] and [eqr] are selected sygh that the follow ng
rel ationship is satisfied: il PP e

sinferr],-sinferr], sinferr],-sin[ ],

sin[ferr]-sinferr], sin[ferr]-si@lery] ,48 " 18 )9, A system for
characterizing a surface as def i INETANT! ai 40 #&-luherein [err] and [err]

re

gpardcteri zing a surface
jAan about 10

acta@2i zfng a surface as

gcatterjangle ([err]) is

agl € trerr]) equals the

q N
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as defined in claim?26.,b %rzer n

[err |§jf
defined in claim30, whe elnt RE07]

degr ees. 1.
| ess than about 20 degreés 25 0Nd scatt‘

30
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5 third scatter angle ([err]), and the radius of the perineter of the

focusing mrror (r[err]) is defined by the follow ng relationship:
[err] where b equals the distance al ong the path of the specul ar
Beam from the gt perture of t he hol |l ow sphere to the focusing
mrror. W Al1sf 32. A systemfor characterizing a SthfEEHIHY
defined in claim26, wherein the light 10 source conprises a |l aser

beam 33. A system for chdrfacterizing a surface as defined
inclaim9, wherein the first optical integrating device is

configured with an aperture having a circular perineter for

allowi ng the second portion of the scattered light to pass and wherein the
second opti cal i ntegrating device ijs configured with an aperture
having a circular perineter for allow ng the 15 specul ar beamto pass.
34. A system for neasuring the total intggrated scatter of a surface,
conpri si ng alight s C or producing an incident
beam of |ight at a known wavel engt h range;

source optics for directing the incident bgam at incident angle ([err]);
20 a holl ow sphere having a raqius (Rerr]) and
configured with an inp erture, a sanpling aperture, and
an out put aperture, === he-{-ghizgﬁnanZ?ﬁfﬁﬁfe opti cs,
and sphere positioned at the incidenpt ealni s
directed through the input aperture, Throggh—tire samptTng apegagre, and
onto tH@—surface and syc at the specul ar beam-ggfl ected
off the surface is directed out of 25 t he sphere through the

out put aperture, -t e op—stHS sphere
i ncl udi ng an absorptKGH région/gurw6and'ng / 7/ Eﬁe sgggling

aperture, the interior surface of the sphere outside
t he absorption region conprising a Fig 2 reflective region,

- 32- WD 97/ 20192 ¢
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the absorption region having a reflectance less than the reflectance of the
reflective region over the wavel ength range of the |ight source;

a scatter detector positioned for detecting the intensity of light within
t'he here; and 5 a sp | ar ect or
posi ti oned for é)e%wég’t%?ng the intensity of the reflected '@(‘QHUS%M%%
specul ar beam 35. A system for nmeasuring.the total
integrated scatter of a surface as defined 3M claim 34, wherein the
| i ght source produces the beam of light at a known wavel ength ([err]).

36. A system for neasuring the total integrated scatter of a surface as
defined in 10 claim 34, wherein the reflectance of the absorption
region is |less than about 10 percent and the refl ectance of the
reflective region is greater than about 90 percent. 37. A
system for measuring the total integrated scatter of a surface as defined
in claim 36, wherein the reflectance of the absorption region is

| ess than about 5 percent and reflectance of the reflective
region is greater than about 95 perdent. 15 e 104 33 A system for
measuring the total integrated scatter of a supfieée as defined in

claim 34, wherein the absorption reg|on conprigées}blao8 gl ass.

39. A system for nmeasuring the tot@l integrated scatter of a surface as
defined in cl ai m 34, wherei n%t he sourcgfgp s—g+e configured to
focus the specul ar beam at the out put apertpre ¢of the holl ow
sphere. 20 40. A systemfor nmegsufing the total integrated
scatter of a surface as defined in cl aifnp 39, wherein the source
optics are configured such thaf28%e inci dent 20 g circul ar

the 48urce optics and

cross section with a radius (r[err]) H 716 epy ¢
ar perifreter with a radius

wherein the input aperture has
(r[err]) which satisfie e follow ng €l ati
[err] for valbes of K Jer e,
al ong the beam of |ight HromThe s#&arlde opti ¢

of the hol | ow sphere. ///// 41.

total- integrated scatter of 4 surfac- ps def

err] efjual s the di stance
o the input aperture

yste measuring the
bd in \\\\ Brom 40,

wherein the |ight source ppdduces 3 per be and K [ery] {err]2.5.
42. A system for neasuryhg th2To tnt eqgr/gt ed scatter \f a surface as
defined in cl ai 5, mhere|ﬁ2t e i ngi¢ { he beam of

light ([err]) is less tjan about 10 de% ees
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PCT/ US96/ 18723 wherein the output aperture has a circul ar

perireter with a radius (r[err]) approxinmately equal to [err] where
[err] is the gohaye spatial frequency of the total integrgigthsdeflhe" :
measur enent  of the surface. 43. A system for neasuring the

total integrated scatter of a surface as defined in 5 claim42, wherein
the source optics are configured such that the incident beamhas a circul ar
cross section with a radius (r[err] as it |&A¥es the source optics and
wherein the sanpling aperture has a circular perineter wwth a
radius (r[err]) which satisfies the follow ng relationship:

wher e [err]

where a equals the distance along the beamof |ight fromthe source optics
to the input 10 aperture of the holl ow sphere. 44. A
system for neasuring the total integrated scatter of a surface as defined
in claim 34, wherein the source optics are configured such that the
i nci dent beam has a circul ar cross section with a radius (rf[err])
as it leaves the source optics, the input aperture has a circular

perimeter with a radius (r[err]), and wherein. the absorption region has a

circular perinmeter with a 15 radius (r[eps whif2h satisfies the

foll owi ng rel ati onshi p: [err] Whep® p is the distance along the
beam of light fromthe source optids %o t A "p t aperture of t he
hol | ow sphere. V45, :

‘ ‘ .ys,:ﬁafor nmeasuring the total
integrated scatter of a surface 3 §  ned\ip’ claim43, wherein the

scatter detector is positioneg th f he ‘egrati pg sphere such that the
20 ~angle ([err]) bet n}tfﬁ!s

qul ar{ pepm and| the |ine between the
sanpling aperture and 152 i Sc:§ dtjector{is greater than [err]

where [err] equals tan[err](r[frr]/ whdrfe i s tjhe distance from
the surface to the interior sufface Qg h¢

aperture along a line mormal YAy
|

mllom/sgperéﬂ%t t he sanpling
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