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: This application is a continuation in part of my copending, commonly owed
U.S. Patent Application Serial No. 08/334939 filed November 7, 1994, entitled "Method and
Apparatus For Profiling Surfaces Using Diffractive Optics”.

FIELD OF THE INVENTION

The invention relates generally to precision optical metrology instrumentation

for imaging and analysis of surfaces, and more particularly, to interferometers for surface

profiling.
BACKGROUND AND PRIOR ART

Among the widely-used instruments for measuring surface prdﬁles are
interferometers; which use the Qave nature of light to map variations in surface height with
high accuracy. Examples of common interferometers are given, for example, in Chapters
1,2 and 3 of the book Optical Shop Testing, second edition, edited by Daniel Malacara

(Wiley, New York, 1992). Most of these conventional interferometric means cannot



for imagi ng and analysis of surfaces, and nore particularly, to
interferoneters for surface profiling.

BACKGROUND AND PRI OR ART Anong the wi del y-used instrunents
for measuring surface profiles are intgrferoneters, which use the wave
nature of Kight to map variations in surface height with high accuracy.
Exanpl es of common interferoneters are given, for exanple, in Chapters 1,2
and 3 of the book Optical Shop Testing, second edition, edited by Daniel

Mal acar a adcW¥hinfydateNeitfad® FdaturdAath did¥badinudhs heighevaiies bt elfdce roughness that
interferonetric means cannot _
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surface roughness exceed orre-quarter e wavel engt e source
light. Such surface features result in_..interferonetsic .phase aghi guities
that are Hf eIrBWFWCO‘?haF%'BEWBPé%E% af%fhéﬁ%\&te?r. quoisﬂfﬂ[eﬁg r teH%‘?e‘r i’gtﬁlgt}]erar i ses
when the surface slope is so |arge that it becones difficult to resolve the
i nt er f er efiEACYlEY 3rgfes when the surface slope is soslazgecthaisit heesrpes diffiquido resplveather ange
of application for -conventional
. interference fringes.
As a consequence of the limited range of application for conventional

interferometers, the .prior art provides some alternative methods and means that seek to

reduce the sensitivity of the measurement. One obvious method involves increasing the

wavelength of the light through the use of unusual sources. An example method and

apparatus is disclosed in the paper "Rough surface interferometry using a CO, laser source,"

by C. R. Munnerlyn and M. Latta (Appl. Opt. 7(9) 1858-1859 (1968)). However, such

methods are generally very expensive and cumbersome, since they involve specialized

sources, optics and detectors.

* Another prio'r-;art approach to over.coming the limited range of conventional
interferometers iﬂvolves the use of multiple wavelengths, as originally describéd by R. René
Benoit in the paper "Application des phénomenes d’interférenc;e a des déterminations
métrologiques,” J. de Phys. 3(7), 57- 68 (1898). A sequence of measurements at two or
more waveienéths ﬁrovides a much larger equivalent waveiength that overcomes some of the
ambiguity problems of conventional single-wavelength interferometers. A method for
app]yiﬁg this.technique to Surface metrology is disclosed in U.S. Patent No.4,355,899, issued
to T. A. Nussmeier. However, these multiple wavelength techniques still do 'not function

correctly when the surface slope is so large that it becomes difficult to resolve the



interferometers, the prior art provides sone alternatlve nmet hods and neans
that seek to reduce the sensitivity of the measurenent. One obvi ous net hod
invol ves increasing the wavelength of the |light through the use of unusual
sources. An exanple nethod-and apparatussis discl osed in the paper "Rough
surface intérferometry using a CJerr] |aser source, by C. R Minnerlyn
and M Latta (Appl. Opt. 7(9) 1858-1859 (1968)). However, such nethods are
general |y Very expensive and cunbersome, since they involve specialized
sources, optics and detectors. o Anot her prior-art approach
to overcom_?ri%[ft he |imted range of conventi onal flerfetrl terbs h \{(ol ves .
the use of ! ?’F‘Eﬂceﬁ‘ﬂé‘?ﬁelléﬁb‘ﬂ’&or aé‘s“"&r‘t’ﬁ?ﬁ%ﬂ‘\‘?"‘&é’?& i gRedhqq\ desenibed By K. ganoi t
in the paper "Application des phenonenes d'interference a des

det er ni nat iFiRes apd BrB Bidehtaad in an artigle eptitjed "Coptppr geperatiog bé’l"g’%f)mmA sequence
of neasurenents at two or nore wavel engths provides a nuch | ar

equi val ent rogonstrustion.fi Aiisics losversc dS@E)Y 19okte(1945) 1 the netarepilyof (p- Wé’gﬂﬁhs of
conventional single-wavelength interferonmeters. A nethod for applying this
t echni que trecamstriction ofrtttermlogmaphicsimdges sl thesappedrance).of comaureintervils, of CRBEUEIHE,

issued to T. A Nussneier. However, these nultiple wavel ength techni ques

still do nahteffereate. OHowe\&rruhtstrhgthomerdlffhﬁt owsé acprastisepe is so large that it
beconmes difficult to resolve the

A prior art method of profiling surfaces using scanning white light
interferometry is disclosed in U.S. Patent No. ;1,340,366 issued to N. Balasubramanian.
This patent describes a white-light interféron_;éter that comprises a meéhanically-scanned
reference mirror, a two-dimensional detector array, and computer control. The disclosed
prior art method involves scanning either the reference mirror or the object in discrete steps,
measuring th_é fringe contrast for each point in the image for each scan position, and m this
way determining for each surface point the position of maximum fringe contrast. The scan
position for which the contrast is maximum is a measure of the relative height of a particular
surface point. However, this prior art technique is very slow and does not work well with

large, rough surfaces because of the difficulty in resolving the interference fringes.

The prior art also provides some alternative measurement géometries that seek
to reduce the sensit'iw-/ity of the measurement to surface roughness, surface slope and multiple
reflections. A ;cprcsex;tative prior-art technique in this regard is described in U.S. Patent
No. 4,325.,63"7 issued to R. C. Moore, and in the article "Oblique incidénce and observation
cleqtronic speckle-pattern interferometry" by C. Joenathan, B. Franze, and H.J. Tiziani
(Applied Optics 33 (31), 7307-7311, (1994). In these so-lcalled g@ing incidence

interferometers, obligue angles of illumination and observation reduce the fringe density on



3 interference fringes. In the prior art two-wavel ength hol ographic
met hod described by K Haines and B.P.- H ldebrand in an article entitled
"Contour generation by wavefront reconstruction,” Physics Letters, 19(1),
10-11 (1965), the net result of two-wavel ehgth reconstruction of the

hol ogr &aphi c¥i mage i s the appearance of contour intervals of constructive
interference. However, this nmethod is difficult to use in practice.

A prior art method of profiling surfaces using scanning white |ight
interferometry is disclosed in U S. Patent No. 4,340,306 issued to N.

Bal asubramanl an. This patent describes a white- || ? I nt.erferoneter_that
conpri ses AneRysrasrEage vh@c%nmaed vtk dhecmere samipen formsafdnigrfeRametesn his
detector array, and computer control. The discl osed prior art rmethod -
i nvol ves s aceduaechfringetdeasity trgraspérels doer equivaleont weavelengthob whichinmydbesmamyt tmes
steps, neasuring the fringe contrast for each point in the imge for each

scan posi t ilenger éad the adthalswaveRyigtet of thenighy The lazgernths eghiralentpadvelenger, the
position of maxi mum fringe contrast. The scan position for which the
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surface point. However, this prior art technique is very slow and does not

work wel | "icéﬂflﬁvg% Za; ?grruﬁf:ﬂ}f 9%1@!:1&{ ﬂpgeﬁmaeﬁf‘%?chq;ccﬁﬁqn @hdst pEbt 4 abproaches

resol ving t ence fringes

requires a large illumination angle with respect to normal incidence. Such large angles
create problems with proper illumination and imaging of the object. There may also be
undesirable shadowing from surface features such as steps and channels. Additional
complications arise in such prior art systems from the need .tc') prbperly balance the reference

and 6bject beams of the interferometer to compensate for variations in surface reflectivity.

Another geometric approach to geﬁerating interference patterns with a long
equivaleni wavelength is taught in US Patent No. 3,958,884 to F.H. Smith. The apparatus
‘comprises an optical assembly which sxmultaneously directs two mutually coherent light
pencils at dxfferent respectlve angles of incidence towards a point on a surface. When these

. pencils are recombined, the resulting interference pattern has a much reduced sensitivity to
variations ln surface topography. This reduced fﬁx_)ge density can also be characterized by an
equivalent wavelength A > )\;‘ however, this method does not necessarily involve extreme
angles of illumination. smith teaches several methods of dividing and recombining the
source light using combinations of refractive and polarizing components. These methods
include the use of a Jamin interferometer, a bi-refringent doublet, a birefringent doublet
prism, or a Savart-doublet plate. However, none of these prior art methods are suitable for

Jarge surface arcas, because of the cumbersome and expensive optical components and



The prior art also provides sone alternative nmeasurenent geonetries that
seek to reduce the sensitivity of the neasurenent to surface roughness,
surface slope and multiple "reflections. A representative prior-art
technique in this regard is described in WBS. Patent No. 4, 325,637 issued
to R C M#bre, and in the article "Qolique incidence and observation

el ectroni c speckle-pattern interferometry” by C. Joenathan, B. Franze, and
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i Ilum natign and observation reduce the fringe density on . _

4 t he 18pjgeemetzics SRREN @rreHse semyavastefpl aflighte nore” conmon forms of
interf.erometer. This reduced fringe density corresponds to an equival ent
wavel ength A, which may be many tinmes |onger than the actual wavel ength
[err] of the light. WHmetheafgmn of hriorat intetfenometeawedrbingt 4t differehicangipsedt er
the degree of surface roughness that can be accomobdated by the instrunent.

However, a isdigence is@istlosedoidal iSO Paicht N6NS 1498 YH71 MsstBd €6 2 Mvakich.n ThB &idklogéd or
art approaches requires a large illumnation angle wth respect to nornal
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I magi ng of e object. Theré& nmay al so be _
direct the light beam to the object. In Figure 2a. of U.S. Patent No. 4,498,771 there is
depicted an embodiment that seeks to greatly increase the effective fringe spacing in the
interference pattern by illuminating the object with two beams at two differer;t angles, with
this embodiment being described in columns 3 and 4 of the patent. However, the use of
such a birefrihgent crystal limits the size of objects that may be o_bserved to only a few
centimeters at most. Further, the apparatus employs extreme angles of illumination (> 45

degrees) and, therefore, suffers from the same disadvantages as prior art grazing incidence

interferometers. The apparatus also appears to be complicated and difficult to align.

Still another prior art approach to reducing the sensitivity of optical
interferometers through alternative geometries is descﬁbed by W. Jaerisch and G. Makosch
in a paper entitled “Optical contour mapping of surfaces” (Applied Optics 192(7), 1552-1557
(1973)). This paper describeés a prior art method that employs a diffractive optical 'el.ement,
in this ‘case a diffraction grating, placed nearly in contact with the test surface. Illumination
6f the grating by a monocﬁromatic plane wave generates an interference pattern between the
beam components of two different diffraction orders. This pattern is reflected off of the
object surface and is superimposed back onto the grating, resulting in a fringe pattern that

resembles the surface contours of the object surface. These contours may be much larger



undesi rabl e shadow ng from surface features such as steps and channel s.
Additional conplications arise in such prior art systens fromthe need to
properly bal ance the reference and object beans of the interferoneter to
conpensate for variations in surface reflectivity. Anot her
geonet.ric gpproach to generating interfePence patterns with a | ong

equi val ent wavelength is taught in U S Patent No. 3,958,884 to F.H Smth.
The apparatus conprises an optical assenbly which sinmultaneously directs
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I nci dence towar olnt on a surtace. Wien these pencils are reconbined,
the resulting interf.erence patter S, &I G 66h SEBstfométdrfol Batness
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teaches several nethods of dividing and reconbi-ning the source |ight using
conbi nat i presuctivityeir menufectusingl papenls ¢i994)) c chhsoRetRIBent Al Works iy dhe
include the use of a Jamin interferometer, a bi-refringent doublet, a _
bi r ef ri ngamnéractivibbtwo Piffractionarders Sé uatiffradtivbbpticap eletment, Hiomever in thisrreseothe
these prior art methods are suitable for |arge surface areas, because of
tSh'e cumbeeRaER: A hEIRRPRIcVRcSBINEGH a §MBRE Svefraitd Both the prior art method of
Jaerisch and Makosch and the prior art method of Jacquot et al. require placing a diffractive
~ element nearly in contact with the object surface. This is because in both of these prior art
methods a single diffractive element divides the source light into two beams which propagate
in different directions and do not perfectly oi'erlap on the object surface. The two beams
are, therefore, not properly oriented for generating the desired interference effect, especially
on'rough surfaces.- A further difficulty is that the two beams have an incre-asingly large
optical path difference as the object is moved further away from the diffractive element;
whereas the desired interference effect is most easily achieved when this optical path
difference is small. The only way to avoid such problems in these prior-art optical profilers
is to bring the object very close to the surface of the diffracting element. However, this very
close working distance is undesirable and often impractical. Actual contact with the element

can damage it severely, and a close working distance complicates parts handling and

automation, particularly in industrial environments.

A further difficulty with the prior art in interferometric metrology arises when
the object is partially transparent, since the resulting interference pattern is often a complex

mixture of fringes created by reflections from both the front and back surfaces of the plate.



geonetries, and because of the-various aperture stops used to define and
separate the pencils. The geonetries shown are al so very wasteful of

| i ght. Anot her formof prior art interferoneter working at
different angles of incidence is disclosed in U S. Patent No. 4,498,771

i ssued to @ Makosch. The disclosed apparatus uses a birefringent crystal,
such as a Vbllaston prism and a systemof mrrors to direct the |ight
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spacing in the interference pattern by illumnating the object wth two

beans at tWhinlyireatdhe fronkpiyfass with & hightneflectivity suaterial; opdefeyt the back-paface n
colums 3 and 4 of the patent. However, the use of - such a birefringent.
crystal | irflectianhiy spplgingfsombjkind sf inlda:t—mmynirigecoatingr Thdset kindnofysuafatew
centineters at nost. Further, the apparatus enpl oys extrenme angl es of
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di sadvantages as prior art grazing incidence interferoneters. The

appar at us 201 8PR (ﬁ,cthQﬁv& tg regfécajﬁ %fdoﬁﬂhénl Qvikd S, Patent

Still anot pri o art approac sensl t vity of optical
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(Applied t|cs 12@7& 1552- 1557 (1973%} Th| S aper describes a prior art
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diffraction gratl ng, placed nearly in contact wwth the test surface.
|1 I umi nat i typ surfaces may be mathematically isolated after two measurements, but this approach

requires complicated apparatus and procedures.

Asa conséquence of the great difficulties in using interferometry for a variety
of important applications, the prior art provides several opﬁcﬂ profiling techniques that are
not based on the.wave' nature of light. A representative example is moiré fringe analysis.
This prior art technique is désc_ribed in detail in Chapter 16 of the Book Optical Shop
Testing, second edition, edited by Daniel Malacara (Wiley, New York, 1992). The prior art
moiré method involves the projection and imaging of a ronchi ruling or like periodic
structure, and is equivalent to .geometric-: triangulation. A commercial produgt based on this'
principle is the Chek-flat, manufactured by Speedfam-Spitfire products group (Des Plaines,

IL 60016). Although this product is capable of profiling rough surfaces, it is generally of
very low accuracy: wﬁen compared to optical interferometry, and does not work at all for

specular surfaces.

Thus, the prior art techniques do not satisfactorily provide an apparatus and

method for accurately profiling both rough and smo :th surfaces using desensitized



of the grating by a nonochromatic plane wave generates an interference
pattern between the beam conponents of two different diffraction orders.
This pattern is reflected off of the object surface and is superinposed
back onto the grating, resulting in a fr;ﬂge pattern that resenbles the
surface contours of the object surface. ese contours may be much | arger
6 t han the wavel ength of the source light. A simlar prior art -approach
to creating desensitized fringes is described in a paper in a paper
entitled "Conmon-path interferometer for flatness testing" by P. Jacquot,

X. Col onna isterftrefice BitgePat MiseRNGnfkinPdistandeAst,a fpthod and @ieanPoOphafilinyi ty in
manuf acturing, paper 18 (1994)). The instrunent also works by the
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however in'this”case the ographi c recordi of a spherical
wavef ront. I od of Jaeri sch and Makosch and the prior
art mnet hod ngtcgrgggﬁotpég?erse utwm:{]‘lp’re placing a diffractive elenent nearly

in contact with the object surface. This is because in both of these prior

art nethods a single diffractj ource light into two
beans which propagate in different ¢ C not perfectly '
overlap on the object surface. The two beam;

In accordance with the preferred method and apparatus of the present

invention, a diffractive optical assembly is illuminated by a’ light source, which may for

' example bé a broadband spatially coherent or inco‘hgrent light.source, or a narrowband -
spatially coherent or incoherent light source. The as.sembly is comprised of two or more
diffractive optics such as diffraction gratings, holograms or the like. The diffractive optical
assefnbly divides the soﬁrce light into two beams, which propagate in two different directions
through thé assembly. When these beams exit the assembly, they are orie.nted in such a way
that they overlap on the object surf.ace at a suitable working distance. After reflection from
the object surface, the beams pass back through the diffractive optical assembly in different
directions, after which they are recombined to form an interference pattern representative of
the surface profile. The interferegce pattern is then evaluated electronically or by visual

" inspection. A fundamental characteristic of the interference pattern generated by the present
invention is that it has redxi(;ed serisitivity to surface deformation and sgrface roughness.
-This reduction in sensitivity is achieved with the object placed at a conveniently-large
working distance. An additional .advantage of the invention is that it may be used with
almost any-liéht source, including incandescent bulb.;., light emitting diodes, lasers, and
diffuse, white-light sourcés, and can, distinguish between the surfaces of partially-

transparent, plane-parallel objects.



are, therefore, not properly oriented for generating the desired
interference effect, especially on rough surfaces. A further difficulty
is that the two beans have an increasingly |large optical path difference
as the object is noved further away fromthe diffractive el enent; whereas
the desired interference effect is nost easily ‘achi eved when this optical
path difference is small. The only way to avoid such problens in these
prior-art optical profilers is to bring the object very close to the
surface of ‘the diffracting el ement. However, this very close working

di stance is undesirable an : ' act i copntact with the

el ement can danmage it_sevggﬁﬁk,qgkl uT%§§£RE£§$§§b§ stance conplicates
parts handling and automation, particularly in industrial environments.

A further difficulty with the prior art in interferometric oeirology, arises
when the object i <" FPRMmeEs Yhessia Ei%? é‘%?r,en?i %@c’ieﬁeé‘?ng‘:%ﬁ“?{lﬂgéen%ts
interferenciﬁﬁ)a%er isﬁ'gIt_en a conpl ex m xture of fringes created by
refl ecti ons™USAPHIRH SRR ¥IEB/t and back surfaces of the plate.

7 In order to do neani ngful netrology on such an object, the conmon

practice is to eithergigt hijgh¥ stioeng 4 prferfod! dndsolliniérk Of theih@ition
reflectivity material, or defeat 1The back-surface

showing the object, the Iight source, the diffractive elements, an electronic camera, and such

additional optical elements as are required for illuminating the object and manipulating the

.interference pattern;

FIG. 2 is a drawing showing in detail the beam paths through the embodiment

of FIG. 1 employing the diffractive optical assembly;

FIG. 3 is a drawing depicting a portion of the preferred apparatus of FIG. 1

anahged for profile measurement of the front surface of a transparent plane-parallel object;

FIG. 4 isa drawing depicting a portion of the preferred apparatus of FIG. 1

arranged for profile measurement of the back surface of a transparent plane-parallel object;
FIG. 5 is a drawing depicting an alternative e_mb.odiment of the apparatus of
‘FIG.. 1 which includes additional means for performing phase-shifting interferomefry;
FIG. 6 _is a drawing showing a methéd of object alignm-ent based on-the
superposition of two camera images;

FIG. 7 is a drawing depicting an alternative embodiment of the invention
illustrated in FIG. 1, in which the illuminating and reflected beams share a common

collimating lens;



reflection by applying sonme kind of index-matching coating. These ki nds of
surface treatnents are very undesirable for regular inspection and
testing, particularly for process control in a production environnment. In
the copendi ng, comonly-owned U.S. PatentygApplication entitled "Mthod and
apparatus fér profiling surfaces of transparent objects" (Serial No.

08/ 153, 146, filed Novenber 15, 1993 there is disclosed a nethod whereby the

hi's approach 1 equitigs LBAsR e R et F bef GaRRRUEN Y Srermithe
As a consequence of _th reat, difficulties in using |(nterferonetry for a
vari ety cﬁ%{? ?fttéaﬁtl’lgp&%&w%é*}e diffgacyve SPu%i?SSg »des several optical
profiling techniques that are not based on the wave nature of light. A
representative exanptgs igs jopi £Li : ' ' ' =hni
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ruling or like periodic, structure, and is equivalent®*to geonetric

triangul at‘ieBﬁ.ce ﬁ‘%@%’l‘@?‘é‘?gaﬁeni?ﬁbduct based on this principleis the
Chek-flat, manufactured by Speedfam Spitfire products group (Des Plaines,
L 00016) . ALt houdh it 51008 Wrdwihe SRR i a8l M bldnh BotnS Bkt bftEfhave ¢
is generally of very low accuracy en tonpared to optical i1nterferonetry,

and does ng,ﬁbé’}ﬁ;%iémaéf ﬁld Jv%ich Sé%%(fgyls%e axlflfr;c ﬁr%%ptical assembly using holographic

optical elements; and

FIG. 11 is a drawing depicting still another alternative embodiment of the

invention of FIG. 1.
DETAILED DESCRIPTION OF THE INVENTION

Referring now to the dravs;ings in detail, and initially to FIG. 1, FIG. 1 shows
a preferred embodiment of the inventive optical surface profiler, setup té)_ measure the surface
profile of an object .20. The illumination is provided by source 30, which may for example
be a broadband or narrowband spatially coherent or incoherent light source. - By way of
example, broadband spatially incoherent light sburces may comprise a white light source, an
incandescent lairlp, or a light-emitting diode, or diodes, a broadband spaﬁaﬂy coherent light
source may corpprise white light or a lighf emitting dipde through a pihhole,' a narrowband
spatially incohercht light source may comprise a light emittix;g diode or a laser in conjunction
with a rotating ground glass,._ and a spatially coherent light source may comprise a laser.

~ Lens 40 collects the light from the- source 30 and directs it through an aperture 50, after



Thus, the prior art techniques do not satisfactorily provide an apparatus
and nmet hod for .accurately profiling both rough and snooth surfaces using
desensiti zed interference fringes at a useful working distance,
or a nmethod and neans of profiling partléﬂly transparent plane-parall el
obj ects. Thes& di sadvantages of the prior art are overcome by the present
i nvention. . SUWARY OF THE | NVENTI ON

I n accordance with the preferred nethod and apparatus of the present

i nvent i on, waicliif {sr @Hir¥ted ORtlemab0 RSGEND b $ubstantially paraditkckighspeam I6lghd sour ce,
which may for exanple be a broadband spatially coherent or incoherent

|ight sour aﬁfraafveaqpaearﬁg@m 70851%&@&& ¥ SRINGF 88kil 9 FIGC2NpreRifdbly ikdes the

source. The assenb IS conprise nore diffractive optics such

as diffraction hoI or & o

assenbly dF%r%eegg@ &’g%{?r g"é‘ﬁ orﬁeﬂﬁséﬁ?ﬁg&#@n O-Fb ggépropagate I n ﬁﬂ evo
different directions rou%h the assenbly. ij}f 8 ?ms leX'At.fte:[ heﬂ ti
assenbl vy, pﬂ@ym&rququ acEptithe same-place Ry Jt two different mnciden angles r reflection

from the surface of object 20, the beams pass back through the diffractive optical assembly

70 and are recombined into an exit beam 76. After passing through a lens 80 and a
diaphragm 90, the exit beam is collécted by a lens 100. Lens 100 islpreferably adjusted so
that surface 20 is focused onto a photodetector or photosensitive transducer 110, which may

. be, by way of example, a conventional camera with a sqlid state two-dimensional array, a
linear énay, a single photo sensor, or like device for producing electronic images. Computer
10 then conventionally displays the image, and preferably calculates the he;lght for every

point in the image, resulting in é three-dimensional image of the object surface.

The interferé;lcé effect is created by the relative phase shift between the two -
beams, this phase shift being proportional to the surface profile. The physical cause of the
phase shift is made evident by reference to FIG. 2, in which the beam paths thrdugh the;
cuxfently preferred embodiment of the diffractive optical assembly 70 are more 'clearly
represented. An illuminating beam 140 i nnpmges first on a grating 120, which d1v1des beam
140 into a beam 150 and a beam 160 according to optical pnn01ples well known in the art (as
taught, for example, in the book Fundamentals of Optics by F. A. Jenkins and H. E. White
McGraw-Hill, New York, 1976)). In a next step, beams 150 and 160 are diffracted by a

- second diffraction grating 130, and subsequently impinge upon a surface 170 of object 20.

Upon reflection, the beams propagate back towards grating 130, which diffracts them in such



that they overlap on the object surface at a suitable working distance.
After reflection from the object surface, the beans pass back through the
diffractive optical assenbly in different directions, after which they are
reconbined to forman interference patternlfepresentative of the surface
profil € The interference pattern is then evaluated electronically or by
visual inspection. A fundanental characteristic of the interference

pattern ge*newaggtp@g%@g%opmﬁﬁ% the! s EE&PQ%E&@ {97t Th (BRblnBaBERSS are then

sensitivity to ormati on sur roughness. This reduction

in sensitivity.is achieved with.the hect placed at a conveniently-1|arge
wor ki ng di steQ#E'B?‘e‘iWQ%&ﬁﬂ%%‘?mab&wgﬁ%Qge of the invention is that it may
be used with alnost any |ight source, including incandescent bul bs, |ight

emitting diodes, |aserR,isaeil undérsiobd i thetaitt that! wigdit a Hghtrbeem, is divitled amito two parts
di stingui sh between the surfaces of partially- transparent, plane-parallel

obj ect s. e . . . . g
BRI EF DESCRI Y BROBRinef e hEpsin JeRpls an interference effect which mpdulafes the %%TSl%er gl
| i ke reference characters denote sinmlar elenents |

the recombined beams. The formula for this modulation is

8=8,+Vg,cos(9)

?

where ¥ is the intgrference contrast and @ is the interferometric phase difference bgtween
the two beéms, and g, is a constant. The phase difference ? is itself related to the mean
wavelength A of the illumination and the difference ¥4 v in optical path traversed by the two
beﬁns: |

0 =20 OFD

Frbm FIG. 2 it can be seen that

OPD=2(h—h’)( 1 1 )
cos(8) cos(¢)

where 8 is the angle of incidence of beam 160 with respect to surface 170 >f object 20, ¢ is



t hroughout the several views: FIG 1 is a draw ng showi ng a
preferred enbodi nent of the invention, show ng the object, the |ight
source, the diffractive elenents, an electronic canmera, and such

additional optical elenents as are requirgeg for illumnating the object and
mani pul-ating the interference pattern; . - FIG 2 is a drawing’
showi ng in detail the beam paths through the enbodi nent of FIG 1
enploying'thé diffractive optical assenbly; FIG 3is a

drawi ng -depicting a portion of the preferred apparatus of FIG 1 - arranged

for profil germgrusfeiBidendf oftie@mf r50Nkitls tispere € Srfade 170BF RBjeeN20, h_is the
pl ane- paral | el object; - F 4 is a draw ng depicting a
portion of the preferred apparatus of FIG 1 arranged for profile

measur enengis@hed hembastacs 176 36 Githherdntgraigrmoet’ Rl 88 disharabbiween Piatiaps 120
FIG 5 is a drawing depicting an alternative enbodi nent of the apparatus of

FIG 1 which includes additional neans for perform ng phase-shifting

i nterferongid 30, and W is the working fdistanc® @5 Eg. (8)) piklengfradiing effpcooftht adspatent
obj ect alignnent based on the superposition of two canera inages;

FIG 7 is a drawing depicti ap.al terpati enbodi nent of the invention :
| st 1 at cBaiRE FHTraies A, oSSR FoT PO PP e s POten SALte par o
a common col l'i mating | ens; _ ’

optical path difference OPD 4 near zero when the two distances # and k' are approximately

the same. At this same position, the two beams overlap perfectly on the surface. These are -
the requisite conditions for maximizing the contrast V and thus for obtaining the highesi:—
quality interference pattern. By suitable selectidn of the distance #', almos£ any working
distanc‘:e W can be obtained, limited only by the physical dimensions of the gratings and
as;ociated mounting hardware.

The sensitivity of the inventive optical surface profiler to surface deformations

may be represented by an effective wavelength & defined by

2r
A= Zgian

where 99-is a small change in the interference phase corresponding to a small variation dh
in the distance . This calculation is readily performed for the preferred embodiment shown

in FIG. 2. Using the relation

—d-( L )=hcos(6)— L
dh\ cos(B) cos(8)

one can show that




10 FIG 8 is a drawing showing in detail the beam paths
through the alternative enbodinent of FIG 7 enploying the diffractive

opti cal assenbly; FIG 9 i s a draw ng depicting anot her

al ternative enbodi nent of the invention FIG 1 in which the diffractive
optical ~assemBly is conpri sed of hol ograph| c elenments that replace the

col limating |enses; " FIG 10 is a drawing showi ng in detail

t he beam pat hs through the alternative enbodinent of FIG 9 which enpl oys
the diffractive optical assenbly using hol ographic optical elenents; and

FIG 11 is a drawingMepicting still another alternative enbodi ment of the
i nvention of FI Geos{8)-cos(d) DETAI LED DESCRI PTI ON OF THE

‘-U‘

| NVENTI ON Ref erri,ng no tot edravvlnsmdtall nd
initially tgg ?F referred, %Ogya I'fm %/nam %E"B% %g in hﬁ%ﬁg e
optical sur oﬂi&é&s Ripite) of 2 Cthe Y bF 1 3 £ N2 equal

obj ect 20. tbhwo | intm@a sh@wxptl' vi de by source 30, whi ch may for' exanpl e
be a broadband o nar_[%%g ggtl ally coherent or incoherent |ight source.

By way of exanpf€ Sy atially incoherent |ight sources may
cqrrpri se a whi t%Lkﬂhl[sﬁ?&)".pﬁm]an .

By inserting these values for © and ¢ into the above equation, the ‘equivalent wavelength
can be shown to be approximately independent of the source wavelength:

~Re)
It is seen that, in principle, any effective wavelength Az2 may be created by suitable
choice of incident angle ®

Tﬁege c_qnsidf_:rations will be made more 'clear by the followiné example.

Suppos_e we select two gratings fo; the preferred embpdiment shown in FIG. 2, the first
grating 120 having 300 grooves per mm (ép@) and the secogd grating 130 having 600gpm. .
For this example, the entrance beam 140 impinges upon gfatiﬁg 120 at an angle * of 10.95
degrees. The +1 diffracted order is therefore beam 150 while the -1 diffracted order is
beam 160 in FIG. 2. Grgﬁng 130 then diffracts beam 150 into the -1 order at an angle d’ .
equal to 22.3 degrees. Beam 160 is diffracted by gratin_g 140 into the +1 order, which in
this case is substantially at normal incidence to ‘the objeci suxface, thus 6=0  After reflection
from the sﬁrfacé 170, beam 150 i; diffracted by grating 130 into the -1 order, then by

- grating 120 into the -+1 :rder, so that it exits grating 122 at an angle equal to *

Meanwhile, beam 160 reflects from surface 170 and is diffracted by grating 130 into the +1

-order. Beam 160 is subsequently diffracted by grating 120 into the -1 order, and is in this



i ncandescent lanp, or a light-emtting diode, or diodes, a broadband
spatially coherent light source may conprise white light or a |light
emtting diode through a pinhole, a narrowband spatially incoherent |ight
source may conprise a light emtting diodgsr a laser in conjunction wth
a rotating ground glass, and a spatially coherent |ight source may conprise
a laser. Lens 40 collects the light fromthe source 30 and directs it.

t hrough ari aperture 50, after which it is collimated by | ens 60
to create a substantially parallel light beam61. A diffractive optical
assenbl y 70yayi domishedaivittl bem 0150 a6 lanitdiehmi Y80F| The Squivkiaft aravbleygtti & iinlelds
the source light into two beans and orients their direction of propagation
so that they inpinge upon the object surface at_ the SPTE pl ace but at t

di fferent iSfaPBiEs apprgxuRatelnd; & micrans. oThe Horking disianpe 'S uisrequd tafthedisaace %,
t he beans pass back through the diffractive optical assenbly 70 and are
reconbi ned 1pfRtiRe ' A I:Aehal : :
G aphr agm 95° Thanaitiyd ol ERRe b0, oLl e e e pIREP 48] PR ald are
preferably ' Ol . SUg . | s focused onto a photodetector or
phot osensi te?%yﬁgﬁg U%hgr@%&?%\}\%tﬁcglgrg@&" be, by way of exanple, a
conventional canmera with a solid state two-di nensional array, a |inear
array, a single phot Gisentherequidalent k@veleugtheA i fonaiicohtheaingle sfdntidence, it |
i mages. Conput er _ ' .

is possible to provide two or more simultaneous equivalent wavelengths A',A%,...by

symmetrically disposing a plurality of sources and detectors at incident angles
04,045,... Another possibility is to provide an adjustment to the apparatus which permits a
variable incident angle ¢, thus permitting the user to chose which equivalent wavelength

A is best suited to a particular application.

‘The preferred geometry shown in FIG. 2 is entirely compatible with diffuse,
white-light illumination,l such as is géneréted by ordinary incandescent sources and the like.
Here the term “white light” refers to any illumination that is characterized by a large spectral
distribution when (;ompared to :lasers, low-pressure arc lamps and like sources of
substantially monochromatic radiation, such as illumination from a broadband spatially

. incoherent light source, and may be satisfied, for example, by a light emitting diode having a
large spectral distribution when compared to lasers. In FIG. 2, it i; clear that beams 150
and 160 both pass through an equal quantity of glass, traverse substantizlly equal optical path
lengths, and overlap without lateral shear on the surface. These are the =ssential conditions
for so called white light interferometry. Further, sincc'a the equivalent wavelength A is‘ .ncarly
independent of x.vave]chgth, the interference fringes in white light are distinct over a wide

range of mc@surerqcnt distances h for a fixed value of h’. The use of a white-light source



10 then conventional ly displays the image, and preferably cal cul ates the
hei ght for every point in the image, resulting in a three-di nensional

i mge of the object surface. ' : The interference effect is
created by the relative phase shift betweeh6the two beans, this phase
shift being:proportional to the surface profile. The physical cause of the
phase shift is nmade evident by reference to FIG 2, in which the beam paths
through tHe currently preferred enbodi nent of the diffractive optical

assenbly 70 R Ee en Jd ] i |.ng be; .

I npi nges fi ?@tg ﬁ%‘?\mfg Sguﬁléﬁﬁ %ngwgﬁﬁ%éogfgf @‘g’sm%%lgl% qﬁh%aﬁﬁtgﬂag %@%ﬁyﬁ%o
and a beam 160 accor di tQ tical principles well known in the art (as
taught, for SO&%FMF%?VIH?FY@!&E@@ SE AR R _EF%‘ WHIGes 21 de pofrproduce Jdgsizakle
and H E. Wite (McGawHill, New York, 1976))..1n a next step, beans 150
and 160 ar eSRY¥FIORY Hiederensg effectsecond diffraction grating 130, and

subsequent |y inpinge upon a surface 170 of object 20. Upon reflection, the

pear propaset e back hauRtE GRSl b A R Ao e
nbi ned b th dif ted into, it. b 180,
TR RIS e R

parts Achromatic interference fringes are defined on pages 181 and 182 of the book "Physical
optics", by Robert W. qud, first published in 1905 and recently reprintéd by the
Optical Society of America (Wéshinéton, D.C., 1988). Severai examples of conventional
achromatic interferometers employing diffraction gratings a-re described in the article
"Space-invariant achromatic grating intererometers: theory," by B.J. Chang, R.
Alferness, and E.N. Leith (Appl. Opt. 14(7), 1592-1600 (1975), although none of these

examples employ a large equivalent wavelength.

Source 30 need not thexfefore be spatially or spectrally cohérent when used
in conjunction with the present invention, and in some cases it is advantageous to use
incoherent sources. However, this fact does not preclude the use of spatiaﬁy and
spectrally coherent sources such as'lasers. Further, source 30 need not be a single
source, but may be some combination of sources, either working together or as.
selectively energized, so as to provide fléxibility in the use of the invention. Thus, as -
previ_ously noted, sourée 30 may be broadband or narrowband as well as spatially

coherent or incoherent when used in conjunction with the present invention.

An additional advantage of the invention is that it is capable of measuring

independently the front and back surfaces of a partially-transparent plane-parallel object,



and reconbined, therein results an interference effect which nodul ates the
intensity [err] of the reconbined beans. The forrmula for this nodul ation
i's [err] where [err] is the interference contrast and [err] is
the interferonetric phase difference betwekh the two beans, and [err] is a
constant. The ‘phase difference [err] is itself.related to the nean
wavel ength of the illum nation and the difference [err] I n opti cal
path travefsed by the two beans: [err] From FI G

2 1
of i mei dencetf sutferine 5oR 74 Putped kb PRAIFbE L prodeh Haedp] [

interferometers. For this purpose, the inventive apparatus preferably includes a spatially

extended or diffuse light source, such as an incandescent bulb, a light emitting diode, or a
laser with an additional optical element designed to reduce the spatial coherence of the laser.

In FIG. 3 there is shown a partially-transparent plane-parallel object 26 held in position by a |

stage 202 capable of translating object 26 in such a way as to modify distance . In that
interference can only occur with a spatially incoherent source for distances " substantially

equal to the grating separation #', only the front surface 176, of object 26 contributes to the

interference pattern. The ﬁght reflected from the back surface 177 of object 26 in FIG. 3

does not contribute to the fringe pattern. However, when object 26 is translated by stage 202
so that the back surface 177 of object 26 is at a distance ", as shown in FIG. 4, front

surface 176 no longer contributes to the interference effect. Thus the apparatus and method
of the present invention is capable of independently measun'ng-the front and back surface

profiles of a partially-transparent object.

A further advantage of the present invention is that the interference image
generated by the instant invention is substantially of tﬁe same nature, apart from the
advantageous reduced sensitivity, as images generated by'.conventional pn'of—art
interferometers while overcoming the disadvantages of prior art methods for measuring
surface profiles. Thus several of the known methods of interference fringe analysis are still
compatible with the invention and may be employed, if desired. Many of these conventional
methods are taught in the book Optical Shop Testing. For example, the interference image

projected on the monitor of computer 10 may be interpreted visually, or processed by.



13 - t he angl e of incidence of beam 150 with respect to surface 170 of
object 20, his the di stance fromsurface 170 to diffraction grating 130,
is the distance between gratings 120 and 130, and [err] is the working
distance. In Eq.(3.), the refracting effexg of the transparent grating
substrates are neglected for sinplicity. Fromthis equation it is evident
that the optical path difference OPDis near zero when the two di stances
[err] and [err] are approximtely the same. At this sane position, the two
beans overlap perfectly on the surface. These are the requisite conditions
for maxim amngsig be tifeCinteirReinct Bfinide PREmL MiRe ndrfeabticRiifapd is prefehibB esthpatible
quality interference pattern. By suitable selection of the distance [err]:
al nrost any rki | AGR,_ ohtAieRre bidab&d WD i
physi cal diMrr@n%ikl%%ls cg[bﬁ{eﬂ-e gréé)t/alﬁﬁ%gggmné}i&géssom%k’éed(?a%rgl;sﬂrsﬁﬂn% %(lrz dwarfen.nge
The sensitivity of.the i.nventive optical surf profil to surface
def or mat i oﬁgalyﬁﬁ§°%‘§aﬁﬁedd§5§‘gﬁ4 é}ﬁ Z&g%f?f%%%‘%ﬁ &@@d&a&;@, éﬁat h [err] defined
by | ' [err]

_ For high-precision measurements, it is preferable to provide mechanical means

of preci§ely displacing the diffractive optical assembly 70, or one of its components, or the
object itself, so as to generate controlled phase shifts in the interference pattern, in

. accordance with conventional méthods- referred to in the art as phase shift interferometry (see
for example, Chapter 12 of the book Optical Shop Testing). FIG. S shows how such. E

mechanical means can introduce phase shifts. Grating 120 is shown supported by a
mechanical stage 201, capable of modifying grating separation k' According to Eq.(3.)
above, the effect of altering grating separation " is to modify the optical path difference

OPD 314 hence the interferometric phase ?, as may be seen by reference to Eq.(2.). In

accordance with a pfeferred method of the present invenﬁon, interference patterns are
recorded for a sequence of equally-spaced phase shifts produced by altering the grating
separation %’ By means of mechanical stage 201. These interference patterns are processed
to generate an accurate phase image representative of the wavefront reflected from the

transparent object. The apparatus for detecting, storing and processing the patterns is

preferably substantially the same as is shown in FIG. 1, a_nd is comprised of camera 110 and

computer -10.

A further advantage of the optical surface profiler of the present invention is

that it is very easy to align. The interference fringe pattern is easy to obtain, thanks to the



where [err] is a small change in-the interference phase corresponding to a
smal | variation [err] in the distance [err] This calculation is readily
performed for the preferred enbodi nent shown in FIG 2. Using the relation
[err] one can show that 19

14 : + *[err] In the preferred enbodi nrent shown in Fig. 2, the angles
[err] and [err] are determ ned by and the incident angle [err], the

wavel ength [err], and the frequencies and N err] of gratings 120 and 130,
commonly neasured in units of grooves per mm Preferably, the ratio of -
N[err] to Nerr] is _equal to twp. Then it can be shown that [err]

By insertinéTeheadvalent yeyeleagth‘er rfurta if érpgssiblette dl%@gaﬁb\m@a%ﬁsmaﬁhet he
equi val ent wavel ength can be shown to be approxi mately independent of the

source vavempngénof computer {BFIG. 1) bheh theSbstt ismdt.proferyr alipped! Thuade way to

effective wavel ength [err] may be created by suitable choice of

i nci dent  angh@inl fpkdximate alignment is to adjust the object until these two images are superimposed.
The procedure is made more clear by reference to FIG. 6(a), which shows the image before
alignment, and FIG. 6(b), which shows the image after alignment. Several of the known

techniques for interferometer alignment are also compatible with the invention. Many of

these are taught in the book aforementioned Optical Shop Testing.

In addition to the presently preferred form of the diffractive opticél assembly
shown in FIG. 2,. several alternative embodiments are also possible. For example, a |
different combination of diffraction gratings may be chosen to provide different paths for
beams 150 and 160 through diffractive optical assembly 70, while at the same time orienting
beams 150 and 160 so that they impinge upon object surface 170 at the same place on
surface 170 but at two different angles of incidence. Some of these alternative embodiments

will now be considered with reference to FIGS. 7-11.

In FIG. 7 there is shown an ﬂtamaﬁve embodiment, in which an illuminating
beam 62 and a reflected beam 77 share a common collimator 160. The reflected beam is
directed to camera 110 by a béam splitter 69. FIG. 8 depicts‘Ia suitable diffractive optical -
assembly 72. for this configuration. Diffractive optical assembly 72 is comprised of two
gratings 122 and 132 having substémtially the same number of grooves per millimeter.
Suppose for example we select two gratings 122 and 133 having 600gpm. Fbr this example,
an entrance beam 142 impinges upon grating 122 at substantially normal incidence. The

- zero’th diffracted order is, therefore, beam 152 while the -1 diffracted order is beaxh 162.



These considerations will be nade nore clear by the foll ow ng exanple.
Suppose we select two gratings for the preferred enbodi nrent shown in FIG

2, the first grating 120 having 300 grooves per nm (gpm and the second
grating 130 having 600gpm For this exanpp@, the entrance beam 140

i mpi nges upen-grating 120 at an angle [err] of.10.95 degrees. The + 1
diffracted order is therefore beam.150 while the -1 diffracted order is
beam 160 in FIG 2. Gating 130 then diffracts beam 150 into the -1 order
at an angle [err] equal to 22.3 degrees. Beam 160 is dlffracted by grating

e donce. t Srithe s hen Wi blim 1) B BRR SR bl S o 237 Bherens
surface 170, beam 150 is diffracted by grating 130 into the -1 order, then

by grati ngBédaf 16Diodifftected By ghride132 o theat- 1 drdex ividclfriatthis gast? & Silbstﬁllitlally
angl e equal to Meanwhile, beam 160 reflects" from surface 170 and is

diffracted b 130 the + 1 0 b t!
diffracted &Y ‘%ng’}“ﬁ i ‘h?8 Jeftchurtgos, il éegndgggpﬁ F%Efﬂé‘ifr%y“ 8 Wiiike 0,

15 way comnbi ned with beam 150 into an exit beam 180. The equi val ent
wavel engt h pemr ]52 is diffractedetypprating 132 @y thexilneter, yheh By pratingi32 imkbe¢hensiki ng

di stance [err] is equal to the distance h
order, so that it exits grating 122 nearly perpendlcular-to its surface. Meanwhile, beam 162
reflects from surface 170 and is diffracted by grating 132 into the +1 order. Beam 162
subsequently passes through grating 122 and is combined with beam 152 into an exit beam

182.

A furthef possibility is to use holograms instead of diffraction gratings, to
obtain substantially the same result but with possible additional bex;e,ﬁts of simﬁlifying the
optical design and reducing tﬁe effects of spurious diffractions. FIG. 9 depicts a suitable .
optical geometry fbr an embodiment employing a diffraetive optical assembly 73 comprised
of holographic elements. The holographic elements in this example differ from ordiﬁary
diffmction gratings in that they not only divide the light up into various diffraction orders in
the form of beams 153 and 63 which are ultimately reflected back from surface 170, but
also collimat—e and focus the light in a manner analogous to lenses. Thus collimating lenses

| 60 and 80 shox;m in FIG. 1 are not necessary for the holographic e_mbbdimeﬁt shown in FIG.
9. HG. 10 depicts a possible arrangement of two holographic elements 123 and 133 within

| diffractive optical assembly 73. In the previous two embodiments shown in FIGS. 2 and 8,
the net ryu;nbcr of diffractions is equal to zcro; whereas for the holographic embodinient
shown in FIG. 10, the exit beam 183 corresponds to an uncompensated +1 diffraction of

hologram. 123. This diffractive order focuses the light, so that additional collimating optics



| ess the thickness of grating 130. For exanple, if the gratings are placed
4cm apart and are each 1cmthick, the working distance is 3cm

Si nce the equival ent wavel ength A is a function of the angle of incidence,
it is possible to provi de two or nore sinyltaneous equival ent wavel engt hs
Alerr],Aerr]. symmetrically disposigg a plurality of sources and
detectors at |nC|dent angles [err]ferr]...... Anot her possibility is to
provi de an adjustment to the apparatus which permits a variable incident
angle [err], thus permtting the user to chose which equival ent wavel ength

A i's best atd adtchekessarypaHblogtinil 234 begénefited photographically by exposingtiefoetioed .
geonetry shown in FIG 2 is entirely conpati bIe with diffuse, white-Iight

i 11 uni nat i Qfyergané Q/ai"éfraf]ts giﬁrg% .mtwl horidib ?ﬁﬁ?@fé‘s‘%&ﬁ% ﬁ%ﬁ??se@’f@r the

like. Here theé term ers um nati on that

characteri zed t wh d.t aser
ow pr essupeamb e R s Waé‘oggwcé% ot gﬂsg,t Gnlr %ﬂor@mﬁmﬁm%ﬁﬁe
radi ati on, such as_illum nat ion froma broadband spatially__.incoherent

|i ght sour d&cademic Ragssplncs NewsY prkql 1971)- é@aaéﬂrt@nabwvanmemtlémw?%%ﬁ Bde
havi ng a Iarge spectral distribution when conpared to lasers. In FIG 2,
it is clearthattsperiousediéiracsion oxdegs agmobprapepydecused and)hreatheseford, renreeasilyy of
gl ass, traverse substantially equal optical path |engths, and overl ap

wi t hout | atrejeeted Shoemitheodesirbd imagef ace. These are the essential conditions
for so called white light interferonetry. Further, since the equival ent

wavel ength A is nearl i ndependent of wavel epngth, the interference fringes
in whi tg light are diéﬁ Agtdeg\g;grstxg another altematlnv% embodiment of the present ?nventxo:?

substantially the same as the presently preferred embodiment of FIG. 1, but with the addition
of various optical elements that may prove advantageous in commercializing the instrument.
Referring to FIG. 11_, there is shown a laser source 34 emitting a beam 39, which is focused
by lens 44 so as to create a divergent beam 39. Beam 39 passes through a variable neutral-
density filter 54 whicﬁ is used to optimize the light intensity level according to the
reflectivity of object 20; Also shown in FIG. 11 are two diaphragms 94 and 81, which
control the size of the illuminating beam and block spurious beams from reaching camera
110. FIG. 11 also shows an image monitor 11, which permits continuous viewing of the
camera signal. Also shown in FIG. 11 is are mean.s 250 for introducing controlled phase
shifts in the interference pattern, in accordance §vith the afrangément sﬁown in FIG. 5.
‘Those skilled in the art will appreciate that additional substitutions, omissions and changes in
form or detail of the disclosed methods and apparatus ‘may be made wifhout dgparting from

the spirit and scope of the present invention.

The diffractive optical assembly described herein may also be used to

_ modify known optical and electroni¢ means for illuminating and imaging objects in



range of neasurenent distances h for a fixed value of h'. The use of a
white-1light source _ _ 16
substantially sinplifies and reduces the cost of the inventive apparatus,
since white-light sources are wdely avail2ble, |ess costly than |aser
sources, and do not produce undesirable spurious interference effects.
Because the equival ent wavel ength is approxi mately independent of the
source wavel ength, the enbodi ment shown in Fig. 2 is said to be achronmatic.
Achromatic interference fringes are defined on pages 181 and 182 of the .
book "Physi gader &?én‘éﬁﬂte a’ﬁﬁn@i’f&éﬁce\gatﬁééﬂ Wit & lsrize RgivaidiR GrdvaleAPBo Férd
recently reprinted by the "Optical Society of America (Washington, D. C.,
1988). Sever a Of .. i ¢ G S

cpl oyi ng. deprpEe e Bnalule BT w3y Ryt WeltIn Bpfi|cBoR Wik
"Space-invariant achrogatic grating intergrqneters. theary," by B. J. .Chang,
R ALT er noSRaERnal RICIpGopR oplgstie aphophaH cyitem e 1ISRDs icparacteriring o
none of these exanples enploy a |arge equival ent wavel ength. ,
Sour ce 30 n&HEraseqpic biectsre be spatially or spectrally coherent when used
in conjunction with the present invention, and in some cases it is

advant ageous to use By utilizing the method and apparatus of the present invention, an optical

profile is provided which has the ability to measure rough surfaces, to measure surfaces
having large deformations and large slopes, to measure surfaces using- almost aﬁy source of
light, including diffuse white light, to measure paltially—trans;parent objects having plaﬁe-
parallel surfaces, has a compatibility with known methods of interference frir_lgg analysis, is
easy to align, has excellent fringe contrast since botﬁ interf'ering' beams are reflect from the
object surface, has high light efﬁc-iency., has reduced sensitivity to vibration, and measures
both high and low reflectivity surfaces, while providing a practical working distance for- the

measurement, and without resorting to expensive or cumbersome components or devices.

What is claimed is:



I ncoherent sources. However, this fact does not preclude the use of
spatially and spectrally coherent sources such as |asers. Further, source
30 need not be a single source, but may be sone combination of sources,

ei ther working together or as selectlvelyzanerglzed as to provide
flexibiFity i the use of the invention. Thus, .as fm ’ (tfml "lFource
30 may be broadband or narrowband as well as spatlal

i ncoherent when used in conjunction wit hCLAIMSr esent |nvent|on

An additional advantage of the invention is that it is capable of neasurlng
I ndependently the front and back surfaces.of a partially-transparent

pl ane- paral | el object I. A method for profiling an object $urface at a useful working distance
17 wi thout suffering fromthe nultiple-reflection problens

char act er i stiifig dbsepitiosd ﬁﬁérfe?én’e@% gdsNofiphising TR &ESs of OF this purpose, the
I nventive apparatus preferably incl udes a spatially extended or diffuse

| i ght source, such as an incandescent bulb, a light emtting diode, or a

| aser with an additional o I : I
coherence of the |aser. lﬁiu{'gﬁﬂitu%ae er ecuiggggﬁ&\ﬁgssgﬂlgr ?Iug% SI(/)GI?;??ES g?ent

pl ane-parallel object 26 held in position by a stage 202 capabl e of

trans|ating ObJ ect 26 1n syihyifh WYsofite ih Ridiiatily SR GifrdcRUE bpeddi Biléﬁmbly

into two beams which propagate in two dlfferent directions through said diffractive optical
assembly, said beams exiting said diffractive optical assembly substantially dverlapping at
said object surface at a suitable working distance with said beams impinging upon said object

surface at substantially the same place at two different incident angles,

reflecting said impinging beams from said object surface back toward
' said diffractive optical assembly, said reflected beams passing back through said diffractive

 optical assembly in different directions, and

recombining said reﬂect,éd beams passing back through said diffractive
optical assembly to form an interference patterh representative of the surface profile of said
object surface, said interference pattern héving' reduced sensitivity to surface defonnétion and
surface roughneés, said object surface being capable of being placed at a relativelﬁ large

working distance.

2, A method in accordance with claim 1 wherein said illuminating step



interference can only occur with a spati ally incoherent source for
di stances [err] substantially equal to the grating separationterr}—only

the front surface 176 of object 26 contributes to the p '
pattern. The light reflected fromthe back p4rface .177 ’é!!ﬂlﬁﬁlﬂim%’jam | G
3 does’ not *contribute to the fringe pattern. However, em oDbj s
transl ated by stage 202 so that the back surface 177 of object 26 is at a
di stance [err] as shown in FIG 4, front surface 176 no |onger

contributes to the interference effect. Thus the apparatus and nethod of .
the present compReRs itk step of ARAMEhSIR saldGIERRNNS Bpticdl ARBMYIY Reth lalRoddbamd sﬁﬂﬂuyA

back surface profiles of a partially-transparent object.

furt her adV%Bﬁ&@in tﬁfggulgéesent invention-is that the interference inage
generated by the ms% ant Invention is substantially of the sane nature,

apart fromthe advantageous reduced sensitivity, as inmges generated by

conventional prior-ar i nte meters, whil e over 1nd.t he, di sadvant S
of prior art methods Pb_r m%‘a@%tr%lg%bn?%Wﬂ%eewﬁkgw'?g%ﬁ%ﬂ‘ssa%grgﬁ ang SPRtRY
known net hods gf interference fringe agnalysis are still conpatible with

t he i nvent i SIFOSHERIRNT SRUICSHSPIDESES 'Y’h‘H’e’égi’i‘é@!rc%ny of these conventi onal
nmet hods are taught in the book Optical Shop Testing. For exanple, the

interference image projected on the nonitor_ of conputer 10 may be
interpreted visually, %or pfowededin peeordance with claim 3 wherein said white light source

18 - :
comprises a diffuse white light source.

5. A method in accordance with claim 2 wherein said object surface

comprises a surface of a partially transparent plane-parallel object.

6. A method in accordance with claim 2 wherein said light source

comprises an incandescent bulb.

7. A method in accordance with claim 2 wherein said light source

™

comprises a light emitting diode.

8. A method in accordance with claim 1 wherein said illuminating step
comprises the step of illuminating said diffractive optical assembly with a broadband spatially

. coherent light source.

9, A method in accordance with claim 1 wherein said illuminating step
comprises the step of illum_inating said diffractive optical assembly with a narrowband

spatially incoherent light source.

10. A method in accordance with claim 1 wherein said illuminating step



analysis of the interference fringe pattern. The interference inmage is
preferably conpatible wth several comrercially-avaitabl'e conputer

sof twar e packages, such as the ZAPP fringe analysis (IR@inavt ed
by Zygo Corporation (Mddlefield, CT). 25 : ﬂlﬂﬂmﬂmmﬂﬂmml on
measurenents, it is preferable to provide nmechani cal nmeans .tof ¥précisely

di splacing the diffractive optical assenbly 70, or one of its conponents,

or the object itself, so as to generate controlled phase shifts in the

i nter f er enceomprise v, stéplof MEMRIERS A Wirfrhbiive YRl haBRbIY RN ARmbwhaalr €d O
in the art as phase shift interferometry (see for exanple, Chapter 12 of

the book Optpagiahy MenT?%‘bﬂ Qdce. FI G 5 shows how such nechani cal neans can
i ntroduce phase shifts. ating 120 is shown supported by a mechani cal

stage 201, capable of nodifying grating separation [err] According to

Bq.(3.) above. the eff ecty il B LLALALARLSR AV hIraN salgabuRH 1 e

optical path difference e interferonetric 8has )

may be seen hy: . (2.).. 1n. accordance with a preferred nethod
ittty SO iehE sl oppriocs b

of the pres vent | ¥erns are recorded for a
sequence of equal |l y-spaced phase shifts produced by altering the grating

separation [err] by ns pf hani cal sta ga(’% These interference
o rerns e bt ocossal s R AR dbeRandt SRS fhi1 WRERR Y BROFEHE Step
of the wavefargnt refl.ected from,the {rans ent ohject. .The a ratus for
det ecti ng, Syt R RHAS 6&%8@%2?“5’“’(@@“’3&5‘?&%9“? §al-g;f?‘é§¥‘él?“é?6‘| W@gg%‘tpo{ﬂ Yexig y
the sane as 1-3 shown in FIG 1, and is, conprised of canera 110 and

electronic images correspondmg to said interference pattern.

13. A method in accordance with claim 12 further compﬁsing the step of

data processing said electronic images for providing an image of said object surface.

14. A method in accordance with claim 1 further comprising the step of

determining surface height from data associated with said interference pattern.

15. A method in accordance with claim 1 wherein said source light has an
associated illumination wavelength and said interference pattern has an associated equivalent
wavelength greater than said illumination wavelength, said effective wavelength being

dependent on said incident angles on said object surface.

16. A method in accordance with claim 15 further comprising the step of

varying said incident angles in order to provide a desired optimum effective wavelength.

17. A method in accordance with claim 15 wherein said effective



&
conput er 10. A further advantage of thQ_____QMLISLHace
profiler of the present invention is that it is very easy to align. The"

interference fringe pattern is easy to obtain, thanks t

19 | arge equival ent wavel ength [err] FReéther, it |sqmun"mumwm’”m _
di stingui sh two i mages on the nonitor of conputer 10 (FI'G €1) ‘wh&n % he
object is ,not properly aligned. Thus one way t.0 obtain approxi nmate
alignment is to adjust the object until these two inmages are superinposed. :
The pr ocedur¥avelengiids repsesenied & thaxxpressie’ ence to FIG 6(a), which shows the *
i mge before alignnent, and FIG 6(b), which shows the inmage after

al i gnnent. Several of the known techniques for interferoneter alignnent
are al so conpatible with the inVE tion. Many of these are taught in the
book aforenmentioned Optical & - ting. : In addition to the
presently preferred form of t hed@{d r acti ve optical assenbly shown in FIG
2, several alternative enbodi nents are al so possible. For exanple, a
different conbination of diffraction gratings nmay be chosen to provide
different paths for beans 150 and 160 through diffractive optical assenbly .
70, while at the sane time orienting

where A is the effective wavelength, dy is a small change in the interference phase
corresponding to a small variation dh in the distance & from the object to said diffractive
optical assembly, and ¢ is the interferometric phase difference between said two beams

impinging on said object surface and being répre_sented by the expression ¢=2=x OPD

where A is the mean

illumination wﬁvelength and dPD is the difference in optical path traversed by the two
beams. -

18. A method in accordance with claim 17 wherein said diffractive optical
assembly comprises a pair of diffraction gratings, the difference in optical path traversed by
the two beams being represented by the expression

1 1
cos(8) cos(¢)

 OPD=2(h-h ')( ) | |
/, , where © is the angle of incidence of the exit beam

with respect to'the object surface, ¢ is the angle of incidence of one of said beams passing
through said diffractive optical assembly with respect to said object surface, 4 is the distance
from the object surface to the diffraction grating closest to said object surface, and 4’ is the

distance between the diffraction gratings comprising said diffractive optical assembly, said



beans 150 and 160 so that they inpinge upon object surface 170 at the sane
pl ace on surface 170 but at two different angles of incidence. Sone of
these alternative enbodiments w'll now be considered with reference to

FIGS. 7-11. In FIG 7 there 3§ shown an Mﬂmm
enbodi nent, in which an illum nating beam 62 and a ref mmml?’“mare
a common coI limator 160. The reflected beamis directed tofcamera £10* by a

beamsplitter 69. FIG 8 depicts a suitable diffractive optical assenbly
72 for this co_nfiziguratron Diffractive optical assenbly 72 is conprised of
two grati rfggkingdisanee romprising the disthe dnlessahe thicknesssefrtbe diffrbesioncgratipngadwes
per mllinmeter. Suppose for exanple we select two gratings 122 and 133
havi ng 600gpmraidrebject kirfacexanpl e, an entrance beam 142 irrpi nges upon
grating 122 at substantially normal incidence. The zero'th diffracted

order is, therefore, 19eamalmétholiin GecbRfancelwith ClARCIRhSYeRChid Sfd2gam 162.
20 Gratr ng 132 then diffracts beam 152 into the -1 order at .an angle,

[err] equal wileddthd Es% Ls diffracted by grating 132 into
the +1 order, vvhrgc s(}é‘lﬁ s"&’?g p%% substantially at normal incidence to

t he obj ect surface khus [err] After reflection fromthe surface 170,

"~ cos(8)~cos($)

where © is the angle of incidence of the exit beam with respect to the ot:’ect surface and ¢ is

the angle of incidence of one of said beams passing through said diffractive optical asscmbly |

with respect to said object surface; whereby any effective wavelength A22 may be created

by suitable choice of said angles e,¢.

20. A method in accordance with Claim 5 wherein said object surface
comprises a front surface of said partially transparent plane-parallel object, said object having
front and back surfaces, said -method further comprising the step of independently measuring

the front and back surfaces of said partially transparent plane-parallel object.

21. A method in accordance with Claim 20 wherein said diffractive optical
assembly comprises a pair of diffraction gratings, the difference in optical phth traversed by

the two beams being. represented by the expression

OPD=2(h h’)( 1 )
cos(e) cos($)



beam 152 is diffracted by grating 132 into the -1 order, then by grating
122 into the +1 order, so that it exits grating 122 nearly perpendicul ar
to its surface. Meanwhile, beam 162 reflects from surfatuummlm'““mmll .
diffracted by grating 132 into the +1 ordgg. Beam 162 s 3¥'s
through grating 122 and is combined with beam 152 into an*exft bedm *182.
A further possibility is to use holograns instead of diffraction gratings,
to .obtain substantially the sane result but wi th possible additional
benefits of sinplifying the optical design and reducing the effects of
spurious diffractions. FIG 9 depicts a suitable optical geonetry for an
enbodi mentyRAPEY 't!f@aﬂ’gll_ﬁ gf idcidfehte 6f &Btéxﬁ%eanﬁsﬁﬂﬂ?éspe&%Q%jhc&%rfaé& ¢ is the

hol ogr aphi c el enents. hol ographic elenents 1n this exanple differ from
ordi nary

[ Int 0 var: gﬂglgﬁ?ﬁélg%@ig%%gf3»25215[5851%?&%%#}%%%{;81 hgéﬁ%ﬁ%&%??gﬁé&%ééés\%ﬁh hpar e
Lhe 1T gnt il Tmieh R oicoh SHact " foihe distinep dom Hie et siatecinaBe dirhactiig

80 shown in FIG 1 are not necessary . for the hol ographi c enbodi nent shown

in FIG @ratpgcloses @esgidolject sudfees, land hd iy haglisince bstweapdhe diffractigehgretings

elements 123 and 133 within diffractive optical assenbly 73. In the

previ ous tcompeising dhitediffeacsive \wpticad abdefmbly, 2aidnwlortking disanteetomprisiey thefdistance /

diffractions is equal to zero, whereas for the hol ographi c enbodi nent

shown in FL&hd thickdass 6fihk dm&%ﬁ?gmﬁﬁg RSP 61 Saill b3t WagREpPensat ed +1

diffraction of hologram 123. ThiS diffractive -order focuses the light, so

that additional collimating optics
22. A method in accordance with Claim 21 further comprising the step of

placing the object surface to be profiled at said distance # with respect to said diffractive

optical assembly. .

23. A method in accordance with Claim 21 wherein said source light has an
associated illumination wavelength and said interference pattern has an associated equivalent
' anelength greater than said illumination wavelength, said effective wavelength being

dependent on said incident angles on said object surface.

24. A method in accordance with Claim 23 said effective wavelength is

represented by the expression
A=———-'-)‘—-—'—
cos(0)-cos(d)

where © is the angle of incidence of the exit beam with respect to the object surface and ¢ is

the angle of incidence of one of said beams passing through said diffractive optical assembly

with respect to said object surface; whereby any effective wavele.ngth' Az} may be created

by suitable choice of said angles 9,9,



21 are not necessary. Hol ogram 123 can be generated photographically by
exposing it to two divergent wavefronts, in accordance w th hol oaraghi C

principles known in the art (see for exanple, the book:gunmm Hm
TR

by R J. Collier, C B. Burckhardt and L.,41 Lin (Academ¥ :
York, 1971)). An additional advantage of this enbodinent is { hat spuri ous
diffraction orders are not properly focused and are, therefore, nore easily
rejected fromthe desired i nage. FIG 11 depicts still

anot her alternative enbodi nent of the present invention, substantially the

same as the presentby praf efmBd uS HROMNE Witk ChlrP1 farthBHEorkbriding 1h@ sRgcrt i on

of various optical elenments that nmay prove advantageous in con’mermsge?i Zi ng

em 1 i ng HoEmeson b4 Ahsk Ui o s ipfABRRet BB 0% o e caro n

di vergent beam 39. Beam 39 passes through a variable neutral- - density
filter 54 which is @6ed Womefod th d€cokdiict wgtht Claith @3 heteinahe ktep of @efbritéhgt O
the reflectivity of object 20. Also shown in FIG 11 are two di aphragns 94

and 81, ‘“’E&ﬁ?bueﬁ%%é)éhiﬁ? goxﬁbﬁs%s e {tbifof bispiabinglat ML PORBA b Rhid iriRtitd OUS

beans fromreachi'ng caner

optical assembly with respect to sé.id object surface.

27. A method in accordance with Claim 1 wherein said diffractive optical

'.assembly comprises holographic élen_lents.

28.  An optical surface profiler for profiling an object surface using
desensitized interference fringes at a useful working distance, said proﬁle:s comprising an
illumination sdurce;' a diffractive optical asseﬁlbly optically aligned between said illumination
source and said object surface, said illumination source illuminating said diffractive optical ’
assembly, said diffractive optical assembly comprising means for dividing the source light
illuminating said diffractive optical assexﬁbly into two beams which propagate in two |
different directions through said diffractive optical assembly, said beams éxiting said
diffractive optical assembly and impinging upon said objec( surface at subétantially the same
placé at two different incident angles, said object surface feﬂecting said impinging beams
from said object surfaée back toward said diffractive optical assémbly, said reﬂectéd beams
passing back through Eaid diffractive optical assembly in different directions; means for
recombihiﬁg said reflected beams to form an interference pattern representat.ive of the surface
profile of said obje;:t surface; whereby a relatively large working distance between said
diffractive optical assembly and said of object surface may be achieved with an interference

pattern having reduced sensitivity to.surface deformation and roughness.



110. FIG 11 alse shows an inmage nonitor 11, which pernmits continuous
viewing of the canera signat. Also shown in FIG 11 is are neans 250 for
i ntroduci ng control l.ed phase shifts in the i nterference patTW

accordance with the -arrangenent shown in G 5. Hm"ﬂﬂ,‘u' e art
wi || appreciate that additional substitutions, oniss ﬁ ﬂ !
formor detail of the disclosed nethods and apparatus ney HBe fade w t hout

departing from the spirit and scope of the present invention.
The diffractive optical assenbly described herein may al so be used to

modi fy known opti calgand & §itdaPPlofildFiAA8cdr@inck Wittt iz'ﬁg\vl?é?éinizsgﬁgi ng

objects in or der

f | h. F
exanpl o, _cuntteoh SaurS EO55RE A Shtuand ptal) B LB B unct fon wi th s

conventional m croscope objective and optical systemfor view ng and

characterizing m crypscomss optiiafphofiler in accordance with cla¥n @9' Wh&éxﬂ@kafd%aﬁmfmd
and apparatus of the present” invention, an optical profile is provid

whi ch has ih et libho'soufe TARM:Es & WHEHD 1M Ggs: to measure surfaces

31.  An optical profiler in-accordance with claim 30 wherein said white light

source comprises a diffuse white light source.

32.  An optical profiler in accordance with claim 29 wherein said object

surface comprises a surface of a partially transparent plane-parallel object.

33. An optical.proﬁler in accordance with claim 32 wherein said object
surface comprises a front surface of said .panially trahsparent plane-parallel object, said
object having front and back surfaces, said profiler further comprising r'ngans for translating
said object selectively to dispose either said back surface or said front surface at a common
plane at which said beams impinge upon said selectively disposed object surface at the same
plac.:e at .two different incident angles whilé said other object surface is displaced from said
common plane; whereby said front and back surfaces of said partially transparent plane-

parallel object can be independently measured.

34.  An optical profiler in accordance with claim 33 wherein said diffractive
optical assembly compresses a pair of diffraction gratings, the difference in optical path

traversed by the two beams being represented by the expression

1 1
cos(B) cos(d))

OPD=2(h h’)[ )
, 0, where © is the angle of incidence of the exit



having | arge deformations and | arge sl opes, to neasure surT’a’cés’Usi/n,/
al rost any source of light, including diffuse white Ij ﬂ“‘ﬁﬂ&“ﬂm
partially-transparent objects having plane- parallel Hm\““ "
compatibility with known nethods of-interfsarence fringe+anal ysi g, s easy -
to align, has excellent fringe contrast since.both interfering beans are

reflect fromthe object surface, has high light efficiency, has reduced
sensitivity to vibration, and neasures both high and low reflectivity

surfaces, Wokdn® withQeipdbt@ the Bbjs&tisufade, WAk Kienpigldi oftintidence of ong dfesaid beams
measurenent, and w thout resorting to expensive or cunbersone conponents or

devi ces. e thd ﬁ@é? RitFria st tical assembly with respect to said object surface, / is the
CLAI M5 pm © ugh S4i . R’er’?&lﬁog for yprofi Ilpng an object surface at a

useful working distan | esensigtd i f 86 hitlioBReSsusfadN ah$i NG
the steps otdls nce froft {he Ob}éa pugfage i tﬂgflfffré(?nﬁﬂg%tﬁ{& (gésgiaﬁﬁrsalcti%g cl)lpticaal
assenbly with.,a source

source 1i ght? 1 1o f15A1CP ﬁ’gtwl'?iﬁ’? ﬂ‘teéﬂi#fw%%k grnes 5p mpging suid rﬁ)@b&hi ir??gcétl\r/]\g beans
\ggit FE alpr Qpa%?;[egxﬁilyi? szli\:\i,O wgrik];JgedriSGth;[ce Cti:i)rrnggstixixgotql% dgsrgz{ngclzj %r]essé?hg thqéﬁgsg A teve
| diffraction grating closest to said object surface.

35. . An optical profiler in accordance with claim 34 wherein said translating
means comprises-meané for placing said object surface to be profiled at said distance I with
respéct to said diffractive optical assembly, said distance k being loéated in said common
plane. |

36.  An optical profiler in accordance with claim 34 wherein said source
light has an aslsociated illumination wavelength and said interference pattern has an associated
equivalent wavelength greater than said illumination wavelength, said effective wavelength
being dependent on said in;:ident angles on said object surface. |

37.  An optical profiler in accordance with claim 36 wherein said effective

wavelength is represented by the expression

_ A
A cos(6) —cos@)) .

where © is the angle of incidence of the exit beam with respect to the object surface and ¢ is

the angle of incidence of one of said beams passing through said diffractive op:ical assembly

with respect to said object surface; whereby any effective wavelength Az} may be created



assenbly, said beans exiting said diffractive-opti cal
substantially overl apping at said object surface at Imgﬂﬂﬁm"“ I"Ing
di stance with said beans inpinging upon said object surfkace at
substantially the sane place at two diffeB@nt incident angles,

reflecting sald inpinging beams from sai d object surface back toward said
diffracti ve optical assenmbly, said reflected beams passing back through
said diffractive optical assenbly in different directions, and

recombi ning said refl ected beans passing back through said diffractive

opti cal assﬁ?%ﬁ’abecﬁ %n&p%ldﬁ?éf@rqence pattern representative of the

surface pro sal urfdce, said interference pattern having
reduced sensitivity to surface deformati on and surface roughness, said

obj ect surface being 8gpabha dphcél?rﬂﬂeﬂhﬁ&ed‘daﬁceawitﬁ|c&ﬁrhm| whdreingaid wor ki ng
di st ance. nethod in accordance with claim1l

\é\ger ein sai ﬂldrﬁxh&tiﬂn%hkd&gco?&lﬁﬁes an incandescent bulb.

39.  An optical profiler in accordance with claim 28 wherein said
illumination source comprises a broadband spatially coherent light source.

40.  An optical pro_ﬁler' in accordanc§ with claim 28 wherein said
illumihation source comprises a narrowband. spatially incoherent light source.

41.  An optical profiler in accordance with claiﬁ 28 wherein said
illumination source c;omprises a narrowband spatially coherent light source.

42.-  An optical profiler in accordance with claim 41 wherein said
narrowband spatially coherent light source comprises a laser.

43.  An optical profiler in accordance with claim 29 wherein said
illumination source comprises a light emitting ‘diode.

44. An optical profiler in accordance with claims 28 wherein said source
light has an associz;te_d illumination wavelength and said interference pattern has an associated
equivalent wavelength greater than said illumination wavelength, said effecﬁve wavelength
being dependent on said incident angles on said object surface.

45.  An optical profiler in accordance with claim 44 wherein said effective - _.

wavelength is represented by the expression

Fyy

do
dh

)



conprises the step of illumnnating said dlffractlve optlcal assenbly with a
broadband spatially incoherent |ight source.

met hod i n accordance with claim?2 wherein said broa
i ncoherent |ight source conprises a white |ght souf, ﬂ "ﬂm"] HHI,
9

A nmethod i n*accordance with claim3 V\/nerejl" sal d whit=e

conprises a diffuse white |ight source. : A nethod in
accordance with claim2 wherein said object surface corrprl ses a surface of
a partially transparent pI ane-paral | el object. - 6. A

method in a cordan erein s Sou conprises an

i ncandesceWedt |5 (58 efflrive wave{nngthV\'g isa S‘Raﬁﬁg ﬁh%lfﬁ?)‘%ﬁ%ﬂ‘fﬁg ®th claim
2 wherein said |ight source -conprises a |ight emtting diode.

8. A nedaTEsEponding toor smalk vanidtion db iaithe dlsmn@rlefwns thecohjeat torsaid diffractiveep
conprises the step of illunminating said diffractive optical assembly with a

br oadband emiztl as¢mblyc aixk fpds thel intphferonatmic phase difference between safll two bedmwet hod
in accordance with claim1 wherein said illumnating step

impinging on said object surface and being represented by the expression ¢ = 2% OPD,-

where A is the meah
A

illumination wavelength and OPD is tﬁe differenc;e in optical path traversed by the two
beams.

46. An optical profiler in accordance with claim 45 said diffractive _optical
assembly compresses a pair of diffraction gratings, the difference in opticai path traversed by

the two beams being represented by the expression

OPD=2(h-h ')( 1 1

cos(6) cos(¢))' ; , where © is the angle of incidence of the exit beam

wi.th.respect to-the object surface, ¢ is the angle of incidencé of one of said beams passing
through said diffractive optical assembly with respect to said object surface, 4 is the distance.
from the opject surface to the diffmcﬁon gmting’ closest to said object surface, and &’ is the
distance between the diffraction gratings comprising said diffractive optical assembly, said
working distance comprising the distance /4 less the thickness of the diffraction grating clbsest'
to said object surface. |

| 47.  An optical profiler in accordance with claim 44 wherein said effect‘ive

wavelength is represented by the expression



conprises the step of illum nat| ng said di ffractlve optlcal assenbl y with a
narrowband spatially incoherent [ight source. 10

met hod in accordance with claim1 wherein said ill um

conprises the step of illumhating said difBaactive ,mmm”mmnm,\m th a
nar r onband spatlal | y coherent |ight source. - t hod
I n accordance with. claim10 wherein said narrovx/oand and spatially coherent
| i ght source conprises a |aser. 12. A method in
accordance with claim1l wherein said reconbining step further conprises

the step of photosensijive transducing said reconbi ned beans for producing
electronic i nagéswdl ng to said interference pattern.

13. Amethodjna or e with claim12 further conprising the step of
data processing said electronic |mages for providing an i mage of said

obj ect surface

where © is the angle of incidence of thie exit beam with respect to the object surface and ¢ is

the angle of incidence of one of said beams passing through said diffractive optical assembly

with respect to said object surface; wherebs't any effective wavelength Azd may be created
by suitable choice of:said angles ©,9.

48.  An optical profiler in accordance with claim 28 further compr‘ising"
means for generating controlled phase shifts ih said interference pattern.

49. Aan opticﬂ profiler in accordance with claim 48 wherein said phase shift |
generating means comprises means for displacing said diffractive optical éssembly with

respect to said object surface.

50. . An optical profiler in accordance with claim 49 wherein said diffractive
optical éssembly comprises at least two spaced apart diffraction gratings, said displacing
~ means comprising means for displacing at least one of said diffraction gratings with respect

to the others.

51.  An optical profiler in accordance with claim 28 wherein said diffractive

optical assembly comprises holographic elements. |

52.  An optical profiler in accordance with claim 28 wherein said diffractive

optical assembly comprises a plurality of diffraction gratings.

53.  An optical profiler in accordance with claim 28 wherein said



14. A nmethod in accordance with claim 1l further conprising the step of
determ ning surface height fromdata associated w th-said-interference

pattern. 15. A nmethod in accorda erein
said source light has an associated illunBBation %uy ’ !ﬂ !
interference ‘pattern has an associ at ed equi val ent t han

said illumnation wavel ength, said effective wavel ength being dependent on
sai d incident angles on said obj ect surface. : A
met hod in accordance with claim 15 further conprising the step of varyi ng

said inci demcombgheg nieanofulther tamprisey phetosensitive tradsduoer meansefof praduviag
wavel engt h. 17. A nethod in accordance with claim15

wher ei n sai @1e8frbM6 im¥es correspondmg to said interference pattern from said recombined beams.
26 wavel ength is represented y the expression

54.  An optical profiler in accordance with cleun 53 further compnsmg data
processing means for data processing said electronic images for providing an image of said
object surface.

55.  An optical profiler in accordance with claim 44 {urther comprising
means for varying said incident angles in order to prO\:ide a desired optimum effective

wavelength.



[err] where A is the effective wavelength, [err] is a small change in
the interference phase corresponding to a snmall variation [err] in the

distance h fromthe object to said diffractive optical a
is the interferonetric phase difference betdgeen said tw RS SHEEDIHAS BEEN
on said object surface and being represented by the expregsi on REMD—

[err] wherey t u d ' ‘
difference |@sﬁfggl)§§fgmé£ gA %}%{g& g%ﬁ&fﬁgﬂgﬂ@g@&a@ﬁ 18.
A nmethod i n accordance Wlt cl ai m wherein said diffractive optical
assenbly conprises a pair of diffraction gratings, the difference in
optical path traversed by the two beans being represented by the
expressi on OPD=21(h-h[err])[err] where [err]
is the angle of incidence of the exit beam . wth respect to the object-
surface, [err] is the angle of ABYTRIECGT O} 9‘- LO3UREYeans passi ng
through said diffractive optical assenbl y wth respect to sai d obj ect
surface, h is the distance

Optical system for measuring surface topography, co’mpﬁsed of a light source

(30), a diffractive optical assembly (70,72,73) comprised of two or more diffraction gratings,
hologfams or like dif_fractive optics (120, 130;122,132;123,133), electronic detection mean:
and digital signal processing means (10,110)for determining surface height from interferencr
data.. The diffractive optical assembly (70,72,73) divides the incident light into two beams
(150,160;152,162;153,163), which subsequen'tly impinge -upon the object (20) at the same
place on the object surface (70) but at two different angles of incidence. After reflection
frdm the object surface, the beams pass sepaxiatcly back through the diffractive optical
assembly (70,72,73), after which they combine once again and form an interference pattern
representative of the surface topography. The equivalent wavelength of the resultaﬁt

interference pattern is. much greater than the illumination wavelength. g

FIGURE 1
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fromthe object surface to the diffraction grating closest to said object
surface, and h' is the distance between the diffraction gratings
conprising said diffractiwe optical assenbly, said

27 ‘wor ki ng di stance conprising the distance h | ess the thickness of the
diffraction'grating closest to said object surface. 19. A
nmet hod in accordance with Caim15 wherein said effective wavelength is
represented by the expression [ d/ Ap where [err] is the angle of
i ncidence of the exit beamw th respect to the object surface and [err] is
the angl e of incidence of one of said beans passing through said
diffractive op&;izl assenbly with respect to said object surface; whereby
any effective |l ength [err] nmay be created by suitable choice of said
angles [err] r] 20. ~ A nethod-in accordance with Caim
5 wherein sai i ' - )

: ,rfacéﬂ

Figure. 1



conprises a front surface of said partially transparent plane-parall el

obj ect, said object having front and back surfaces, said nethod. further
conprising the step of independently nmeasuring the front and back surfaces
of said partially transparent plane-parallel object. - 21. A
met hod in ac’cordance with C aim 20 wherein said diffractive optical '
assenbly conprises a pair of dlffraCtIEE?éhfulngs the difference in
optical path traversed by the tw bea represented by the

expressi on OPD =2(h -h[err] [err] where [err] is the
angl e of incidence of the exit -beamw th respect to the object surface,
[err] is the angle of incidence of one of said beans passing through said
diffractive optical assenbly wth respect to said object surface, h is the
di stance fromthe object surface to the diffraction grating closest to
said object surface, and h' is the distance between the diffraction
gratings conprising said diffractive optical assenbly, said working

di stance conprising the distance h |ess the thickness of the diffraction
grating closest to said object surface. V/4 /70

—N—
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790

L = Lfee Y
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22. A nmethod in accordance with Claim21 further conprising the step .of
pl aci ng the object surface to be profiled at said distance h with respect.
to said diffractive optical assenbly. ' 23. A nmethod in
accordance wth Claim21 wherein said source-light has an associ ated

i 11 um natiort Wwavel ength and said interference pattern has an associ at ed
equi val ent; wavel ength greater than said-iLiunination wavel ength, said

ef fective wavel ength bei ng. dependent o3& 8 i nci dent angl es on said

obj ect surface. 24. A nmethod in accordance with C aim 23
said effective wavel ength is represented by the expression [err]
where [err] is the angle of incidence of $he exit beamw th respect to the
obj ect surface and [err] is the. angl e d i nci dence of one of said beans
passi ng through said diffractive optical assenbly mﬁt? respect to said
obj ect surface; whereby any effectivé&ﬁaveléﬁ&ﬁh [err] 5nay be created

by suitabl e choice of g@%ﬂ angles [gTYy] [err

\ l e4 7% 177

Figure' 3



25. A nmethod in accordance with Claim1 further conprising the step of
generating controlled phase shifts in said interference pattern.

26. - A nmethod in accordance with Caim23 wherein the step of generating
controll ed phase shifts conprises the step of- displacing at |east a portion
of said diffractive optical assenbly with respect to said object surface.
27. A nethod in accordance wth C]ain1hlwqerein said diffractive optical
assenbly conprises hol ographic el enents. 28. An opti cal
surface profiler for profiling an object surface using desensitized
interference fringes at a useful working distance, said profiles conprising

an illumnation source; a diffractive optical assenbly optically aligned
between said illumination source and sai#f object surface, said
illum-nation source illumnating said—d-ffractive optical assenbly, said

diffractive optical assenbly conprisipg meapgy/f or di vPAli ng the source |ight
i1lum nating said dlff;? ive optic assenh into ywo beans which
propagate in two diff t directidqng throg /%%{d di ffractive optical

g g
assenbly, sde~beggE€SX|t|ng said diffraftijv senbly and
i Npi ngi ng upon sai ] surface gt stgnti al ane pl ace at two
di fferent incident angles’ ~d._0bj qct sarfac r&& ectjing said |qﬁaﬁb|ng
beans from said object surface baChxgowarcisai d ff ractlve optica

assenbly, said reflected beans . ﬁ%‘\\\ «\a\

Figure 4



passi ng back through said diffractive optical assenbly in different
directions; neans for reconbining said reflected beans to form an |
interference pattern representative of the surface profile of said object
surface; whereby a relatively |l arge working di stance between said
diffractive optical assenbly and said of object surface nmay be achi eved
with an interference pattern having reduced sensitivity to Surface

def ormati on and roughness. 5/11 29. An opti cal

profiler in accordance with claim 28 wherein said illumnation source
conpri ses a broadband spatially incoherent |ight source. _ 30.
An optical profiler in accordance mﬁth_clék?129 wherein said spatially
i ncoherent |ight source conprises a white ght source. - 31.

An optical profiler in accordance w tArTHarmm30 wherein said white |ight
source conprises a diffuse white |i9hE§§0UFCQL27 -32. " An
optical. profiler in accordance wth ckgi m29 wherein said object Surface
conprises a surface of a%’artially t rlagsparent pl ane-par.all el qbject.

33. An optTeaL§QLELLler\in accor darjcé vigzh £l Ri m 32 m@@ﬁein sajgvzbject
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surface conprlses a front surface of said partially transparent ,
pl ane-paral |l el object, said object having front and back surfaces, said
profiler further conprising neans for translating "said object selectively
to di spose either said back surface or said front surface at a conmon

pl ane at whi*ch sai d beans i npi nge upon said sel ectively disposed object
surface at the sane place at two differgﬂ@_lnC|dent angles while said
ot her object surface is displaced from sai comon pl ane; whereby said
front and back surfaces of said partially transparent plane- parallel
obj ect can be independently neasured. - 34. An opti cal
profiler in accordance with claim 33 wherein ,%%d diffractive optical
assenbly conpresses a pair of diffraction the difference in

optical path traversed by the t Jresented by the ,
expression : 2(h-h[eft - /) 0,
where [err] is the angle of inci beam wi t h’

i nci dence of one of:

T“SSgnbly with respect
0

respect to the object surface, |
sai d beans passing through sai dfgi
to said object surface, h is th

Wi B\

7

figure 6



di stance fromthe object surface to the diffraction grating closest to said
obj ect surface, and h' is the distance between the diffraction gratings
conprising said diffractive optical assenbly, said working distance, -
conprising the distance h |less the thickness.of the diffraction grating

cl osest* to 3sai d object surface. - 35. An optical profiler
in accordance with claim 34 wherein said ?iinslating nmeans conpri ses neans
for placing said object surface to be prB ed at said distance h wth
respect to said diffractive optical assenbly, said distance h being located
in said conmon plane. 36. An optical profiler in
accordance with claim 34 wherein said source | i ght has an associ ate
illum nation wavel ength and said interference pattern has an associ at

equi val ent wavel ength greater than said illunmnation wavel ength, said
effective wavel engt h- being dependenédn said i ncigent angles on said

obj ect surface.z E¢7 . An optical profilér in accordance
with ¢laim36 %ﬁ%reln sai d ﬁ;tlve .wavel
expressi on : _

is the apgle of
t surface and [¢rr S

i nci dence of he—e*++— vp
t he angl e of & nci dence, f one of d beans
diffractive optical aé’ nbly h respect to said object surfacej
wher eby any effective meveleggﬁh—'ETrﬂﬁ may be created

0

Vi B\
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32 by suitable choice of said angles [err], [err]. 38.

An optical profiler in accordance with claim?29 wherein-said illunination
source conprises an i ncandescent bul b. - 39. An opti cal
profiler in accordance with claim 28 wherein-.said illumnation source
conprises a~broadband spatially coherent |ight source. , 40.
An optical profiler in accordance mﬁth_ck225128 wherein said illumnation
source conprises a narrowband spatially herent |ight source.
41.  An optical profiler in accordance with claim 28 wherein said .
illum nation source conprises a narrowband spatially coherent |ight source.
42. An opti.cal profiler in accordance wth claim4l wherein said
narrowband spatially coherent |ight source conprises a | aser.
43. An optical profiler in_aecordance with claim?29 wherein said
illumnation source conprises a light emtting diode. 44.
An optical profiler in accordance with clainms 28 wherein said source
& /70
74 /2
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| i ght has an associated illum nation wavel ength and said interference
pattern has an associated equival ent wavel ength greater than said
illum nation wavel ength, said effective wavel ength being dependent on said

i nci dent angl es on said-object surface. : 45, An opti cal
profil er in.accordance with claim44 mhereln said effective wavel ength is
represented by the expression erri

33 where Ais the effective wavehauﬁ*ﬁ [err] is a small change i,n the

i nt-erference phase corresponding to a snmall variation [err] in the

di stance h fromthe object to said diffractive optical assenbly, and [err]
is the interferonetric phase difference between said two beans i npinging
on said object surface andAbei ng represented by the expression-[err] =
[err] OPD, where [err] @EB he mean gillgm mati on wavedgngth and OPD i s
the difference in optical# pathJpavejsgd by the two bea

e/
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46. . An optical profiler in accordance with claim45 said diffractive
optical assenbly conpresses a pair of diffraction gratings, the difference
in optical path traversed by the two beans being represented by the
expressi on : OPD =2(h-h[err])[err] : where [err]-
is the angl e -of incidence of the exit beam Wi th respect to the object
surface, [err] is the angle of incidence 8f 3ne of sai d beans passing

t hrough sdid diffractive optical assenbl§ ditth respect to said object
surface, h is the distance. fromthe object surface to the diffraction
grating closest to said object surface, and h' is the distance between the.
diffraction gratings conprising said diffractive optical assenbly, said
wor ki ng di stance conprising the distance h | ess the thickness of the
diffraction grating closest to said obj.ect surface.. 47.
An optical profiler in accordance with claim44 wherein said effective
wavel ength is represented by the expression .
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[err] where [err] is the angle of incidence of the exit beamw th
respect to the object. surface-and [err] is the angle of incidence of one
of said beans passing through said diffractive optical assenmbly wth
respect to said object surface; whereby any effective wavel ength [err] may
be created by suitable choice of said angles [err], [err]

48. An optical profiler in accordance with claim28 further conprising
means for generating controlled phase shi 11é18n said interference pattern.
49. An optical - profiler in accordance with claim48 wherein said phase
shift generating nmeans conprises neans for displacing said diffractive
optical assenbly with_ respect to said object surface. 50.
An optical prof e i acce nce with claim49 wherein said diffractive
opti cal assenbl y=e § at | &st two spaced apart diffraction gratings,
pRHBL NG neans for dispLacingg?t | east: one of said

said displacing means ~CoONPRYR

diffraction gratings with regpdc s-the_ot hers. & 2 Vol. An
optical profiler in accordance with TET/_S 7 i,f fractive -
optical assenbly conprises hol ographi c el"exe 3 An

optical profiler in accordance with claim28 kg $~d| | ve.
optical assenbly conprises a plurality of diffrac

Figure 11



Wi cal  SBARGH REPQRI N c4PRifaion 19- IM38-Uherei n said

pi ni ng means further conpr|ses photosensitive transducer neans

pr

cl.ng electronic inmuges corresponding to said interference pattern

O TEXT ORTHIDABST ReETs . o 54. An optical profiler in
H-geRee—vi-t+-h—et-at-r-53—Fut- i

essing said electronic | mages for pI’OVI ding an i mage of said object
ace. 55. An optical profiler in accordance with claim
ur t h@pticalngystesi fog movsuning susface denagrephyacemprisetl o light gowrse i, . differstive o
i de apﬂﬁlars&dnbipt(ﬂﬂ)l romipfieet of ewower edoen @liffraction gratings, holograms or like
diffractive optics (120,130), electronic detection means and digital signal processing means
for determining surface height from interference data. The diffractive optical assembly (70)
divides the incident light into two beams (150,160), which subsequently impinge upon the
. object (20) at the same place on the object surface (170) but at two different angles of
incidence. After reflection from the object surface, the beams pass separately back through the
diffractive optical assembly (70), after which they combine once again and form an’
interference pattern representative of the surface topography. The equivalent wavelength of
the resultant interference pattern is much greater than the illumination wavelength.

Fig. 2
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