EQUAL-PATH INTERFEROMETER CROSS REFERENCE TO RELATED APPLICATIONS

Pursuant to 35 USC 119(e), this application claims the benefit of prior U.S. Provisional Application
61/218,703, filed June 19, 2009, the content of which is incorporated by reference in its entirety. FIELD
OF THE INVENTIOM@D02]The invention relates to equal-path interferometeraasowalbasso related
methods. BACKGROUND 10003]Interferometers use interfering beams to perform measurements of
objects. The interferometers may be broadly classified as equal-path, in which the interfering beams
have traversed nearly equal optical distances (e.g., equal to within a few tens of microns), and
unequal-path, for which the opti%%&dﬁf&@]w§ qonpargd:te the coherence length of visible
white light (e.g., greater than 0.05 mm and potentially up to several kilometers). Equal-path systems
can be configured to operate with low-coherence (spectrally-broadband and/or spatially extended) light
sources. Unequal-path interfenemeters: ciude ey Haserdrizeap; whighgan be used for testing optical
components. [0004]Equal path interferometers are of interest in optical testing, e.g., for separately
measuring the filii¥ti land Baskasuifateb B & $éhiplrdnspapént bhjetiirqhalpatifiintesfenrometers can
also be used injieHRIaNGRNIELBRERRN Where out gehierenceshalpgen s nd whiteloht LED's
can be used as light sources. For example, interference microscopy designs can be based on
path-balanced @ @pEdionteEmpensatednviean, Michelson or Linnik interferometers.

FIELD OF THE INVENTION

[0062] The invention relates to equal-path interferometers as well as to related

methods.

BACKGROUND

16003] Interferometers use interfering beams to perform measurements of objects.
The interferometers may be broadly classified as equal-path, in which the interfering
beams have traversed nearly equal optical distances (e.g., equal to within a few tens
of microns), and unequal-path, for which the optical path difference is large compared
to the coherence length of visible white light (e.g., greater than 0.05 mm and
potentially up to several kilometers). Equal-path systems can be configured to
cperate with low-coherence (spectrally-broadband and/or spatiaily extended) light
sources. Unequal-path interferometers include, e.g., laser Fizeau, which can be used

for testing optical components,

[0004] Equal path interferometers are of interest in optical testing, e.g., for
separately measuring the front- and back-surfaces of a semi-transparent object. Equal
path interferometers can also be used in interference microscopy, where low-
coherence halogen lamps and white-light LED’s can be used as light sources. For
example, interference microscopy designs can be based on path-balanced and

dispersion-compensated Mirau, Michelson or Linnik interferometers.



SUMMARY 100051In general, in some embodiments, an interferometer provides approximately equal
measurement and reference path lengths, the measurement path extending to a surface of a test
object, the reference path extending to a surface of a reference element, allowing the use of light from
a low-coherence source. An application of the interferometer is the profiling of selected surfaces of a
partially-transparent object while being substantially insensitive to other object surfaces. In some
implementations, unequal-path laser Fizeau instruments are adapted to an equal-path geometry. In
some implementations, the interferometer functions as an interference objective for a microscope, e.g.,
a microscope that employs a low-coherence light source. 100061In general, in some embodiments, an
interferometer is provided, in which the interferémetetARctudes a light source, a reference element, an
interferometer beamsplitter, an aperture stop or its equivalent for filtering unwanted reflections, and an

imaging device,gigh as & camele-if BAILeR oldnceamina-RIGR gl pagses thiough a

partially-reflective surface of the reference element to the interferometer beamsplitter. The
beamsplitter dividesthetgortiorionaseusenrss shiatserashienghy: e JetrerEbeaihs. The

reference beam thepeflests from the partipihsreflectiverriepanreuifacebthe rrfesence element,

travels back to the interferometer beamsplitter, reflects once again from the beamsplitter, and then

passes througfe fpreneseiensaleiinsinedRe woarliahy e s YrrshgiTiRe SRPE urdstop to the camera.

The measuremgpiibeame afteritiansmiting iRraughthe:peansplitesuiellestsfiomadilpast one object
surface such that the measurement beam returns tl(i_the in'ge_r.ferqmeﬁer %ﬁamspl%tt\er and combines
approximately%@??é?féﬁ@@l’ﬁcéﬁWHSé’ﬂBW@W%‘ LIBPEREL R TR SUMRG T AR htefference pattern
at the camera.sghe relaransesatemeanicgng hehbesmBplitien aveittedsinrsudareedaythat spurious
reflections from the various surfac?s of the int‘e%eer meter ¢ %m{Rgly%eer%tse%éte f%l% 10%§ By, the aperture
stop or its equivEl A §8ﬂfﬁ%‘%‘ atwolseamm interierence pa}[ ern at the Imaging device. 100071In
accordance witha firshaspiget of ¢herpresentsinpentign atherecis:provide drar ajsticavassembly for use in
an interferomeégg,egggcorfgi%%llsggi%eemny comprising: first and second patrtially reflective surfaces
positioned alorig an op%icﬁ axis and oriented at different non-normal angles to the optical axis, wherein
the second partially reflective surface is configured to: (i) receive light transmitted through the first

partially reflecti080&krfac #8i5Ah & ARSI PN R traAS iAo S YEAVBIVRGH to a test

object to defing,mpaswament igbttes thedniedamelietrane diymeflgehaneiiigopetton of the
received light back towards the first partially, reflective surfgfqzE tg define refere%lce l'@é‘*t for the
]

interferometer BRI trePeRTEHERSTYhP Y S IRU P b RE FAlR A R alA BERURRH the

e second and
first partially reflegtiveisudaces s(0PASHuplemenatiotisrob fhikcdptioal assamislyighayanelude one or

more of the following features. The non-normal apgles can cause thet Eef renrt:e,flig(pt 39 pass between
the first and setgbﬂ ﬁrﬂgﬁﬂfﬁéffgg?\(}gvseusr 266 & %%get%lﬁg ?rﬁ?ee before E(E% 'Second partially reflective

surface reflectdshesaierendhdightrhagiialoligitee thpticaliaxist Thenoeshighhaltarmfiasnsan cause the
reference light ato d%%@g%‘:t one ftglng g‘?aﬁqiQ'Ilé(fé?%lqec%tg’e%ﬁt{q&??&l%h@C}T:H?ﬁ't}il’é 'glq&@@_during one of the
passes there between. 100091 The non-norma angle for the first partlallﬁ/ reflective surface can be one

reflective reference surface of the reference element, travels back to the

interferometer beamsplitter, reflects once again from the beamsplitter, and then passes

through the reference element and eventually passes through the aperture Sfop to the

camera. The measurement beam, after transmitting through the beamsplitter, reflects

from at least one object surface such that the measurement beam returns to the

interferometer beamsplitter and combines approximately coextensively and coaxially

with the reference beam, resulting in an interference pattern at the camera. The

reference element and the beamsplitter are tilted in such a way that spurious

reflections from the various surfaces of the interferometer components are blocked by

the aperture stop or its equivalent, resulting in a two-beam interference pattern at the

imaging device.



and a half times the non-normal angle for the second partially reflective surface. 100101 The second
partially reflective surface can be configured to combine the measurement light, after the
measurement light reflects from the test object back to the second partially reflective surface, with the
reference light, after the reference light makes the at least one round trip between the second and first
partially reflective surfaces. [0011]The optical assembly can include a first optical element having the
first partially reflective surface and a second optical element can have the second partially reflective
surface. The first and second optical elements each can have another surface having an anti-reflection

coating. The PRGIRILY refizstie: SleceR CRRBe.ob LIS YHRGRMAIMG APHRAL RigmeRiaIrespectively.
The partially reflective surfaces can be formed at respective internal interfaces within the optical
elements. 1004:2}Fhiedfirstpabiiafiy reftcstiveivigrarensia. besputed Awabhori e Y88ond partially

reflective surfage af,a disiance. ihatisareater (han-asderihatbionds ohanimacing medule that captures

an interference pattern between thé reference light and the measurement light. Optical elements of the
interferometercamise Hobfispedstar thal felrsrorineriigat Hoes st Padetitiilth glass within the

depth of focus,pfthe,imagingMmedyie 100d3ddhedist ppicahelamentaanitayeanatheresurface having
an anti- reflection coating. The first optical element can be oriented such that the firft,% artially reflective
€

surface faces {OWArHEHHS SHEBHE SEFHAAR AT ENS iR ARLSAHRY b tHeaRYBRE BRHEA YdhSent, and the
anti-reflection gqating abthe.first-optipat elerent facss:amay: figm fhetsetaadapartiaty sedective

surface. A distance between the first partially reflective surface and the second tially reflective
surface can bé §rég Fiﬁﬁﬁﬂﬁeﬂgﬁfﬁoéi‘%ﬁ?g% an mif%ﬁr%%é%wu 2 (?fﬁga%fqgﬁ%gg# interference
pattern betweesfthgireferdacedightiand:the:me fightdoneint lightifodiatiThehopticahassembly can
include a dISperer:?ﬁla?Qngg mg%?ﬂisel%%osrae ?ese{gto('}‘]needround trip path between the second and first

partially reflective surfaces.

[0008] Implementations of the optical assembly may include one or more of the
following features. The non-normal angles can cause the reference light to pass
between the first and second partially reflective surfaces at least one time before the
second partiaily reflective surface reflects the reference light back along the optical
axis. The non-normal angles can cause the reference light to contact one of the
partially reflective surfaces at normal incidence during one of the passes there

between.

[0009] The non-normal angle for the first partially refiective surface can be one

and a half times the non-normal angle for the second partially reflective surface.

16010 The second partially reflective surface can be configured to combine the
measurement light, after the measurement light reflects from the test object back to
the second partially reflective surface, with the reference light, after the reference
light makes the at least one round trip between the second and first partially reflective

surfaces.

[0611] The optical assembly can include a first optical element having the first
partially reflective surface and a second optical element can have the second partially
reflective surface. The first and second optical elements each can have another

surface having an anti-reflection coating. The partially reflective surfaces can be on

)
)



between the first optical element and the second optical element to compensate for a phase difference
between the measurement light and the reference light, the dispersion compensator being positioned
closer to the third optical element and outside of the depth of focus of the imaging system. 100151 The
first optical efedninte/€éii e oriented such that the first partially reflective siffageiddesddiay from the
second partially reflective surface of the second optical element, and the anti-reflection coating of the
first optical element faces towards the second partially reflective surface. 100161 The optical assembly
can further include a third partially reflective surface. The third partially reflective surface can be
configured to ipreceivedighofrtrsmittedisroughrisedfitstehartidiyprefleltyivellsuifaceidionrg the optical

path; ii) transmit.a,peifion Of the a%‘fﬁrié/ﬁﬁg'@%tiﬁeﬁ?&é@%&i%i?{%{et%%%ﬁf‘&é&%r{ﬁ.easUreme“t light; and

iii) reflect another portion of the received light back towards the first partially reflective surface to define
a second reference light for the interferometer, wherein the second reference li

ht makes at least one
round trip path!B&tdken e SE¥REAHY "fﬁ%?’%ﬁ’ﬁiﬁwafgffé’&%sgﬁ?@c@%ﬁéﬂ?%%@%&%al assembly

can further inclygte 4 collirratos torfeseivea lighidftonaa lightseurce antkprojéchellirhaied light to the
first partially reflective sur ace Ithce, c%%tiqarc{ ass errpbé gan &g%q%r inc%lu%le %effie-erld IC%;]Es%? rgé;eive light
from a light solré&aad’| |c§§°rc'5ieectih edIPg itto the firs rpar i3 y reflec Ve SUITAGE. the fieid [Ehs being
positioned outsidensfaamémagihghpatipirasvietbanoyithe fefenemtedigbicatter theoeteranteilight is
reflected by the, irshparkialiaflactive.shifaas ANt eloie NG RIPIRDGS, B i deigelpd by a detector.

100181The first partially reflective surface can have a reflectivity in the range of about 10% to about
30%. The secofkpattiamiikflective surface can have a reflectivity in the range of about 40% to about
60%. 100191In accordance with a second aspect of the present invention, there is

10013] The first optical clement can have another surface having an anti-

reflection coating. The first optical element can be oriented such that the first
partially reflective surface faces towards the second partially reflective surface of the
second optical element, and the anti-reflection coating of the first optical element
faces away from the second partially reflective surface. A distance between the first
partially reflective surface and the second partially reflective surface can be greater
than a depth of focus of an imaging module for capturing an interference pattern

between the reference light and the measurement light.

10014} The optical assembly can mclude a dispersion compensator positioned
between the first optical element and the second optical element to compensate for a
phase difference between the measurement light and the reference light, the
dispersion compensator being positioned closer to the third optical element and

outside of the depth of focus of the imaging system.

{0G15] The first optical clement can be oriented such that the first partially
reflective surface faces away from the second partially reflective surface of the
second optical element, and the anti-reflection coating of the first optical element

faces towards the second partially reflective surface,

16¢16] The optical assembly can further include a third partially reflective
surface. The third partially reflective surface can be configured to 1) receive light

transmitted through the first partially reflective surface along the optical path; i1)



provided an interferometry system comprising the optical assembly as defined in the first aspect, and
an interferometer base comprising a light source and a detector, wherein the light source is configured
to produce the light transmitted through the first partially reflective surface and received by the second
partially reflective surface, and the detector is configured to receive combined light comprising the
measurement light and the reference light and provide information about a spatial distribution of the
combined light. 10019al1The interferometer base can include an aperture stop positioned to block light
from the interferometer base that contacts the first partially reflective surface along the optical axis and

reflects from the first partially reflective surf o.the interf: [ 1.2 mount for
supporting theni%%%%%j‘aeggla%%%ra%ﬁn%%%g%%ﬁ%}gzﬁ%%e%t[g @g&%@%ﬁg pgaat Ieiﬁat for the
measurement lightt talt iis) seBetantiziyrapuabtoraiho pticay prhtiehé heth forvehesrdfefice light.

10020]The interferameter.base LaRIPEAS APhase Rhifler dpryabving the: erticel path.length

difference between Efge measurement light and the reference light. The phase shifter can mechanically

couple the interfesisinaher Bacwites tpe st T a88EThBlycarPBaAYB BTty $arlthe distance

between the opficaliassemblyand fhetestobiastie-vary the optical path length for the measurement
light. 100211 The source can be a broadband source for providing low-coherence interferometry

measurement%{?g%%Z]Tq%as 8815%% %gg]el% 1? QE%”%?LWBE? g}%i'&f{?‘dseeg g& ig%gfor to receive light from
a light source and project collimated light to the first partially reflective surface. The
optical assembly can further include a field lens to receive light from a light source
and project the light to the first partially reflective surface, the field lens being
positioned outside of an imaging path traveled by the reference light after the
reference light is reflected by the first partially reflective surface and before the

reference light is detected by a detector.

[0018] The first partially reflective surface can have a reflectivity in the range of
about 10% to about 30%. The second partially reflective surface can have a

reflectivity in the range of about 40% to about 60%.

[0019] In accordance with a second aspect of the present invention, there is
provided an interferometry system comprising the optical assembly as defined i the
first aspect, and an interferometer base comprising a light source and a detector,
wherein the light source is configured to produce the light transmitted through the
first partially reflective surface and received by the second partially reflective surface,
and the detector is configured to receive combined light comprising the measurement
light and the reference light and provide information about a spatial distribution of the

combined light.

[6019a]  The interferometer base can include an aperture stop positioned to block
light from the interferometer base that contacts the first partially reflective surface
along the optical axis and reflects from the first partially reflective surface back to the

interferometer base and a mount for supporting the test object. The mount can be



100231The source can be adjustable between a broadband mode for low- coherence interferometry
and a laser mode for high-coherence interferometry. The source can be a laser diode that operates in
the broadband mode when driven at a current below its laser threshold and operates in the laser mode
when driven at a current above its laser threshold. 100241The first partially reflective surface can
include a non-planar surface. [0025]In accordance with a third aspect of the present invention, there is
provided an interferometry method comprising: positioning first and second partially reflective surfaces
along an optical axis, orienting the first and second partially reflective surfaces at different non-normal
angles relative to.the optical axis, tr itting light t P ir 1] lective surface along a
direction paral?&sf%()tﬁeeaoéﬁt%éﬁﬁg%% (t%qt%me %%Cgoj%g palfrj%gigﬁg}é Igesc%\% giﬁtngggg,t%fgfﬁe second partially
reflective surfackstranshitingladimstqpoirdnadh fhedigfetea reistasiebets define measurement light,
and reflecting a second portion of the light back towards the first partially reflective surface to define
reference lightyangat therirstpastialiyteliectivensurtiage arphestingra:pitionof ghresgaand portion of
the light towards the second partially reflelcl;éi%/e surface suih that h_g re_zanr'ence Li htt r?ﬁ\kes at least one
round trip pattPBBFEEH (HE WEREHBCANCE RIS SRFasIyFERE CRDL Lirt %é%.e[%%li plementations of the
interferometry method can include one or more of the following features. Orienting the first and
second partially reflective surfaces can include orienting the first and second partially reflective
surfaces at different non-normal angles to cause the reference light to pass between the first and
second partially reflective surfaces at least one time before the second partially reflective surface
reflects the reference light back along the optical axis. 100271Orienting the first and second partially
reflective surfaces can include orienting the first and second partially reflective surfaces at different
non-normal angles to cause the reference light to contact one of the partially reflective surfaces at
normal incidence during one of the passes there between.

5a



[00281The method can include, at the second partially reflective surface, combining the measurement
light, after it reflects from the test object back to the second partially reflective surface, with the
reference light, after it makes the at least one round trip between the second and first partially
reflective surfaces. Information about a spatial distribution of the combined light can be provided. An
aperture stop can be provided to block light that is reflected from the first partially reflective surface in
a direction away from the second partially reflective surface. A test object having a reflective surface
can be positioned to define an optical path length for the measurement tight that is substantially equal
to an optical path le é{] for the reference light, The optical t# ngth diffe the
measurement%%aﬁ;? glﬁ% fhe&Fefarence lag?Wt('ﬂ'cgé’lti?1 é\?éﬁ%é?gf#ge |é?§k%:gogg£n/é§§§%§%%¥f§a? assembly
and the test objettaahebenigieddcocrange thetoptidzitpaty HenepHddratientheasutéhsdpttlight, in which
the optical assembly Ingluis 11785 a0d:366PRY ARHAlNRIRsYRfurfaces. [00291The method car
include orienting’an optical clement having the first partially reflectivée surface at an outer surface of the
optical element such that the outer surface of the optical element having the first partially reflective
surface faces 180&s thE"&sesrs 6%‘?ti§ll§/kf@ﬁ‘éléﬁ§}é)§ﬂ?ﬁ’c@r%%v B¥oa can' melide transmitting the
reference light:frem:thadirstpartiatnegflective surface to the second partially reflective surface without
passing any glass element. The method can include positioning the second partially reflective surface
a1 2 distonce amaliom 12 Wskaaiel ISlIeee e, Bg o e e O B P o
focus of an imaging mo ufe’that detects an interference pattern between the measurement light and
the reference light. [0030]The method can include passing the reference light through a dispersion
compensator tl%]‘tzé mpeHsates st drfebe idE PPl SE tretha B tHEHE RS releitiight and the

reference lightdyertpdiffecences dn-opticalipathriengts tigielesk by thenteffiencerlightiand the
measurement light, and positioning the dispersion co g ns% or qutside Olf th% depth of focus of the
HHAETA T

imaging modufe IB0E PR 4REARY I iNRRIBE Dot £ven 4

AMird Pefiective sur aceaalong the optical
axis; orienting ¢éagdhinsk pavtialipsaflbctite iguridepdmbe patallekto thelsedendipactialiy reflective

surface; at the third R}pa&tiall%/,r?fleqtti}\{e ﬁurlf ce, transmitting a third portion of the light transmitted by the
first partially refEEIE SOV FAEE B the st § Dject to define the measurement light, and reflecting a fourth

portion of the light back towards the first partially reflective surface to define a second reference light;
and at the first|p82ddily rdiedine raurrlber sty Ease fn BT tee 1P FeAcH &% e light towards
the second partially reflective surface such that the second reference light makes at least one round

trip path betwegnihe secpne-anmdirstnartialydefipetive surfreemt10032ibAransmitting light through
the first partiallg/r{)(\afl:ld%%tie\{ne ;%&?ﬁ?&f&%'&%ﬁgg comprising: positioning first and second partially

reflective surfaces along an optical axis, orienting the first and second partially

reflective surfaces at different non-normal angles relative to the optical axis,

fransmitting light through the first partially reflective surface along a direction

parallel to the optical axis to the second partially reflective surface, at the second

partially reflective surface, transmitting a first portion of the light to a test object to

define measurement light, and reflecting a second portion of the light back towards

the first partially reflective surface to define reference light, and at the first partially

reflective surface, reflecting a portion of the second portion of the light towards the

second partially reflective surface such that the reference light makes at least one

round trip path between the second and first partially reflective surfaces.

[6026] Implementations of the interferometry method can include one or more of



transmitting collimated light through the first partially reflective surface. The method can include
transmitting the light through a field tens prior to transmitting the tight through the first partially
reflective surface, and positioning the field lens outside of an imaging path traveled by the reference
light after the reference light is reflected by the first partially reflective surface and before the reference
light is detected by a detector. [00331Although described herein as an interferometer for flat surface
testing, the same concepts may be generalized for the measurement of any surface shape, with
appropriate changes in the reference clement. BRIEF DESCRIPTION OF THE DRAWINGS
[00341F1G. T Raipuar el anexemple pieiiannaeonmenniing-anuiface.akan chject

[0035]FIGS. 2 and ?arerglagrams of example optical assemblies arranged to have equal path lengths
for a referencerisbainaitdtinmidadure sericpenhnarooBereeistiveisuateray ram BT 8 8R8mple

erferometer fof phass, RCINE REOME!BHCL AQRTLTIG Sp5:a00h & ararhscond
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[0038]FIG. 7 is a diagram of an example equal-path interferometer adapted for interference
microscopy. [0039]FIG. 8 is a diagram of an example optical assembly. 100401FIG. 9 is a diagram of
an example optical assembly for measura on- planar surface. [00411FIGS. 10 and Il are diagrams of
example intefergiétés’for measuring surfaces of objects. [0042]FIGS. | PATARAU YB3 diagrams of
an example optical assembly that can be used in an interferometer. 100431FIG. 13 is a diagram of an
example optical assembly that can be used in an interferometer. [0044]FIG. 14 is a diagram of an

example interferometer for measuring a surface
partially reflective surfaces at least one time before the second partially reflective

surface reflects the reference light back along the optical axis,

10027} Orienting the first and second partially reflective surfaces can include
orienting the first and second partially refiective surfaces at different non-normal
angles to cause the reference light to contact one of the partially refiective surfaces at

normal incidence during one of the passes there between.

[18428) The method can include, at the second partially reflective surface,
combining the measurement light, after it reflects from the test object back to the
second partially reflective surface, with the reference light, after it makes the at least
one round trip between the second and first partially reflective surfaces. Information
about a spatial distribution of the combined light can be provided. An aperture stop
can be provided to block light that is reflected from the first partially reflective
surface in a dircction away from the sccond partially reflective surface, A test object
having a reflective surface can be positioned to define an optical path length for the
measurement light that is substantially equal to an optical path length for the
reference light. The optical path length difference between the measurement light
and the reference light can be varied. The distance between an optical assembly and
the test object can be varied to change the optical path length for the measurement
tight, in which the optical assembly includes the first and second partially reflective

surfaces.

[0G29] The method can include orienting an optical elernent having the first
partially reflective surface at an outer surface of the optical element such that the
outer surface of the optical element having the first partially reflective surface faces
towards the second partially refiective surface. The method can include transmitting
the reference light from the first partially reflective surface to the second partially
reflective surface without passing any glass element. The method can include
positioning the second partially reflective surface at a distance away from the first

partially reflective surface, the distance being greater than a depth of focus of an



of an object. DETAILED DESCRIPTION [0045]Referring to FIG. 1, an example interferometer 100 is
provided for analyzing the front surface form or other characteristic of an object. The interferometer
100 includes an optical assembly to provide a measurement path to a surface of a test object 102 and
a reference pyagh2taoal&iifface of a reference element 104, in which the me&§ifEpaerttidhdreference
paths have approximately equal path lengths. In this example, the reference element 104 is a glass
plate having flat surfaces. The optical assembly includes multiple partially reflective surfaces
positioned along an optical axis 106 of the interferometer 100 and tilted at angles relative to the optical
axis 106 such thetgisefubdmedberemant andreferencepligbin ddirected atorg threnopticgitaxis 106
toward a detector @%‘egre- ,rg@\gp%r%tlo&, and unwanted light is directed along directions non-parallel to
the optical axis 186 and filtered out. This allows the use of a low-coherence light source 110 and
facilitates the measurement of transparent objects having multiple reflective surfaces. 1_00461Here,
the term "light" @4 %efer 1o eTRctiontag hatiLtaBrstian hedR{PEPtitd it AViotet Gisiste Hdar-infrared, and
infrared spectrabegionse 1@kt ilmninatichrbeamspliftersk-di et slightifremthgtight source 110
through a collimator 114, which collimates.the light and directs the light along a. direction parallel to the
optca) axis A0 BRI HETIETRACE GG o0 B PRHE SR et BoknTener 116, The
reference elemefitrd®4 hgst arpattiakrefectomi REY.costingilé8onthesuisfacadacing the collimator 114,

and an anti-reﬂectiogngégRI) &9 'Qg f]tgg 093'111% 8%'{%%8& J?ﬁl@%&%ﬁ?@i&%‘éﬁ@“ﬂ 116. Because the PR
) : deptr LY TS

coating 118 and AR coating 120 are thin, the terms "PR coati "and "PR surface 118" will be

used interchangeably, and the terms "AR coating 120" and "AR surface 120" will be used

interchangeab@?@?ﬁg beddsPIifad1cs Rl eTRitiaRratet iR PR Eh G 22 R & Rbirface facing the

reference elemgntch0dxigndianiapthtefiaction(AR)-coaling Lid:0nta stiffactdacing thedast object 102.

Because the PR coating 122 and AR co %%%%%4 are piq,t%pe terms PR coatin .122"@11 "PR surface
i 4

122" will be us&8 IAtare 'éjﬁ'td‘é%%lff/fagﬁqa he termg’ aﬂg‘i oal 'r?ahff4q'u§%((}f"}§zﬁ%ﬂr ace 124" will be used
interchangeablyortion of the light transmitted by the first partially reflective surface to the test object

to define the measurement light, and reflecting a fourth portion of the light back
towards the first partially reflective surface to define a second reference light; and at
the first partially reflective surface, reflecting a portion of the fourth portion of the
light towards the second partially refiective surface such that the second reference
light makes at least one round trip path between the second and first partially

reflective surfaces.

19032} Transmitting light through the first partially reflective surface can include
transmitting collimated light through the first partially reflective surface. The method
can include transmitting the light through a field lens prior to transmitting the light
through the first partially reflective surface, and positioming the field lens outside of
an imaging path traveled by the reference light afier the reference light is reflected by
the first parfially reflective surface and before the reference light 15 detected by a

detector.

[0033] Although described herem as an mterferometer for flat surface testing, the
same concepts may be generalized for the measurement of any surface shape, with

appropriate changes in the reference element.



100481The light from the collimator 114 passes the PR coating 118 of the reference element 104. As
an example, the PR coating 118 reflects 17% and transmits 83% of the incident light. Thus, 83% of the
light passes through the AR coating 120 of the reference element 104 and propagates to the PR
coating 122 Bf@eiBaatisplitter 124, which, in this example, reflects 50% d§Fabsmiidy83% of the
incident light. The reflected light forms a reference beam 126, and the transmitted light forms a
measurement beam 128. [0049]The reference beam 126 passes the AR surface 120 of the reference
element 104 and partially reflects from the PR surface 118 of the reference element 104. Thus the PR
surface 118 of the reference eledtdit 0B SNBSS IASNIEIETENER SUMREESThe reflected reference beam
126 then returns to the PR surface 122 of the beanasplitter 116, at which point it partially reflects into a
path that is appf8Rithatel§'Ebllineafgtrerebda rsrBratT e BHAIMURFRaEEE aidiperallel to the
optical axis 106}, hutdjayeling in the opposite direction, eventually reaching the camera 108 after
passing through an aperture stop 130 and an imaging lens 136. 100501 The example above is useful

for measuring objeﬁa@ in rface. reflectivities ranging. from 4%,t0 100%. Depending on
application, the?{?gé?“%}ctivity'and\ﬂ'tfa%rignﬁg%l\}l r%/a%%g{lc}%ﬁ%g ?ﬁ%g?%?fb rlgorl%lﬁlﬁ%’ggél s %d\;%lged above. For
example, the PRysurfgiebriiisiofathe fafersfivensichsem g4 cagihasearréfiantivity in the range of about

10% to about 30%, and the PR surface 122 of the beamsplitter 116 can have a reflectivity in the range

of about 40% tenabeut 6Q%¢ [9054 Hnthis.examplestpr reference:-keam dbwyvelssound-trip from the
PR surface 122 of the bcamsplitter 116 to the PR surface 118 of the reference element 104 and then

back to the PRSGHEEEYY: As described below (FIG. 8), the tilt angle of the reference clement 104
can be adjusted such that the reference beam 126 travels two or more round-trips between the PR
surface 122 of i&3Beam&fiftte? 116 @pd t1eDPR surface 118 of the reference element 104 before the

[6638] F1G. 7 is a diagram of an example equal-path interferometer adapted for

interference microscopy.
10039 FIG. 8 is a diagram of an example optical assembly.

[6040] FIG. 9 is a diagram of an example optical assembly for measuring a non-

planar surface.

{6041} FIGS. 10 and 11 are diagrams of example interferometers for measuring

surfaces of objects.

10042} FIGS. 12A and 12B are diagrams of an example optical assembly that can

be used in an interferometer.

[6043] FIG. 13 is a diagram of an example optical assembly that can be used in an

interferometer.

[0044] FIG. 14 15 a diagram of an example interferometer for measuring a surface

of an object,



reference beam 126 combines with the measurement beam 128, as described below. This allows the
distance from the PR surface 122 of the beamsplitter 116 to the surface of the test object 102 to be
increased, while maintaining equal path lengths between the measurement beam 128 and the
reference bé¥fh28dB1480%2] The measurement beam 128 passes through ¥hd/BREEHAESE 124 of the
interferometer beamsplitter 116 to the test object 102, where the measurement beam 128 reflects from
at least one surface (e.g., a front surface 137) of the test object 102 back to the interferometer
beamsplitter 116, where a portion of the measurement beam 128 transmits through the remaining
elements along a path approximately cdakieghSi#® drd>EdtiRé&PWith the original illumination (and
parallel to the optical axis 106), eventually reaching the camera 108, where the measurement beam
128 interferes yuigaghe retersnce hears 126» Thagisuliisrarbrebestn intedatdde:pattern that is useful
in, e.g., determining the u%aceﬂpr,filfe of the test object 102..10 _531!3n tl-{e ample of FIG. 1, the
measurement ﬁ%ﬂﬁ?lﬁfﬁéﬁfa Br 5 agc?gﬂg%t%%gf%%c FELHAC DT IES ’oﬁj%ct 102) and the
reference beannit26{afiettradetict dounddpip:betweeshthe PRSdrfacessi@2antrki8jare combined or

overlapped at the PR surface 122 af the & pl{'}té_r%q. TQ%@Q/ rlapping. beams then travel toward
ur[%ﬁ%ﬂ & 8%66&09’]%8 ity ?%e ré)fgr“en(:e&beam 12r6 and measurement beam

the camera 108" n addition to the portions o [
128 that are dirboteutdthdrcaiichd EoBsahavefsiende diament1ba kg arermitErritdmeter

beamsplitter 13@8@@39939 g nesaiblssources of aecidentalreflegsion)pavganerrisisawanted

reflections (such as "39). 0 isolate and remove the unwanted reflections 139, the reference element
104 and the infs#ersfirster Dearnssitesranshaiacidtin dileas Lo inslaH hE e, so as to direct

the unwanted reflestionsaltd aniside.ohinel olear aperidreohibeaper e slapsl 30g [R0551FIG. 1
shows an example, of the unwanted ,firié reflection 132 from the PR surfac? 118 ol:%%%e. reference
S

element 104, atPHHE BraRESEHBHILRT 340 HRS Farlr R R SR K AT AT IS through the
reference elemgricié¥atatienshancieflecting hack dowktdsdhéipterferometdShearhsplitter 116. The

unwanted first reflectio :% and the unwanted portion 134 ane, Iq k% ﬁ%ﬁthg-ap@été{{g stop 130.
100561In the e&%“ﬁﬁiﬁfg({:)l %éb; BLH ?%é:##éjﬁ r%ﬁ%ét)lg%g%n E|1orl‘i'ttgr fl%eis%t% teddbyl/b
filtered out. This aliows the use of a low-coherence light source 110 and facilitates

the measurement of transparent objects having multiple reflective surfaces.

[60646] Here, the term “light” can refer to electromagnetic radiation in any of the

ultraviolet, visible, near-infrared, and infrared spectral regions.

{0047} An illumination beamsplitter 112 directs light from the light source 110
through a collimator 114, which collimates the light and directs the light along a
direction parailel to the optical axis 106 towards the reference element 104 and an
interferometer beamsplitter 116, The reference element 104 has a partial-reflection
(PR) coating 118 on a surface facing the collimator 114, and an anti-reflection (AR)
coating 120 on a surface facing the beamsplitter 116. Because the PR coating 118
and AR coating 120 are thin, the terms “PR coating 118" and “PR surface 118 will
be used interchangeably, and the terms “AR coating 120 and “AR surface 1207 will
be used interchangeably. The beamsplitter 116 has a partial-reflection (PR) coating
122 on a surface facing the reference element 104, and an anti-reflection (AR) coating
124 on a surface facing the test object 162. Because the PR coating 122 and AR

coating 124 are thin, the terms “PR coating 122" and “PR surface 1227 will be used

10



an angle a with respect to an orientation perpendicular to the optical axis 106. The reference clement
104 is tilted by an angle substantially equal to 2a so that the reference beam 126 impinges upon the
PR surface 118 of the reference clement 104 at approximately normal_ incidence. 100571Referring to
FIG. 2, in sOW@ IMpiEsiantations, to further suppress unwanted reflection€ FBRPHY AR Lirfaces of the
reference element 104 and of the interferometer beamspLitter 116, the reference element 104 and the
bearnsplitter 116 can be made of wedged substrates 210 and 212, respectively. In this example, the
wedged substrate 212 has a PR surface 218 facing the reference element and an AR surface 216
facing the test iohjedenatity vehitiherie PR b feraing 824n e AR s s 2] ovitdnbitparallel. The
wedged substrgie, 210 hasg PR surface 220 facing the collimator 114 and an AR surface 214 facing
the beamsplitter, in which the PR surface 220 and the AR surface 214 are non-parallel. The PR

surface 218 and the PR surface 220 are tilted by angles substantially equa| nd 2a, respectively,
with respect to@%@ }ientﬁgﬁﬁ%r?ﬁ%ﬁbﬁeﬁ@r ok X’é‘”ggﬁ a%%%zﬁfgg%f?f?‘ ﬂglt%)v%d%gd substrates 210
and 212, unwanfetreflections i ARsurfaces.2hd Bhd2tesill frafiebin diféetidns at an angle
relative to the r{r‘a?n%?ﬁ%e-ggk‘é}i?é?ghde E%&?{Egﬁfl;g%?gamﬁs,wﬁe B %Qg&eﬁmfgﬁ%h@mture stop 130.

[00581In the example 0 the su eing viewed or measured is the front surface 137 of the
test object 102¢cRhiegntedfeldmetésnw ekomeansd Herndaurerss brihrddsoratine back dbface 138 of

the test object 02, The surace heing, measuredidaaeinesessalily-havetosbe; auige surfaces of an

object. The interferometer 100 can also view or measure an internal interface within an optical
element. 10059 THa i HEhtering FAkeiH Heh (sBby THE AR I8 AN HESHAEESY, e.g., a

computer (not §hRe)exeesliRgrprarams: Analysis of the interfering pattern can provide information
about, e.g., whether the surface 137 of the object 02 matches or deviates from a desired surface

profile. [0060) 3 iy pxample, of Fl b dhe ElIRtemalesRNsiie: teherhaladgation of Light. The

illumination beamsplitter eflects a portion (e.g., half) of the tight from the light source 110 towards
the collimator klanard phssepatportivrleety ol heurdiean Ight #emseienesilimator 114 to the

camera 108. In.some, implementations sthe oterterpmetercanalsonhe configiieddoause polarized
light. A polarized illumination beamsplitter is used, and a qéuarter wave plate |s[posmoned between the
[

beamsplitter arferReR Aater 112 1lpstatd Hracperditzat SRR 'GHIGh o e Bolarized illumination
beamsplitter dicgats.substantialbeadhof light pelarizec-aleng:dfirstidireetidr ¢hiaughathelguarter wave
plate) to the collimator 114, and passes substantially all of.the return light (which passed the quarter
e plate a sELBHTHHES BOISFDBES I & S SROE el B i Qgend pec

to the optical axis 106), but traveling in the opposite direction, eventually reaching

the camera 108 after passing through an aperture stop 130 and an imaging lens 136.

16650] The example above is useful for measuring a test object having surface
reflectivities ranging from 4% to 100%. Depending on application, the reflectivity
and transmissivity values can be different from those provided above. For example,
the PR surface 118 of the reference element 104 can have a reflectivity in the range of
about 10% to about 30%, and the PR surface 122 of the bearnsplitter 116 can have a

reflectivity in the range of about 40% to about 60%.

[6651] In this example, the reference beam 126 travels round-trip from the PR
surface 122 of the beamsplitter 116 to the PR surface 118 of the reference

element 104 and then back to the PR surface 122, As described below (FIG. &), the
tilt angle of the reference clement 104 can be adjusted such that the reference

beam 126 travels two or more round-trips between the PR surface 122 of the

beamsplitter 116 and the PR surface 118 of the reference element 104 before the

11



100611Referring to FIG. 3, a benefit of the inventive geometry for the reference element 104 and the
interferometer beamsplitter 116 is that they can be configured to have equal path lengths for the
reference beam 126 and the measurement beam 128, as well as equal amounts of glass in both
paths. For eX&pri§ie/ 88Tthickness of the glass for the reference clement 1SAFEaRB&td Same as the
thickness of the glass for the beamsplitter 116. In this example, the path length traveled by the
measurement beam 128 from the PR surface 122 of the beamsplitter 116 to the front surface 137 of
the object 102 and back to the PR surface 122, is equal to the path length traveled by the reference
beam 126 fromafrecRR rafadetl@onty PR Sarfrseurasar tratreléfept destétbréhbealon-and back to

the PR surfacer}22,,[006 21V arialians: i enviranmantel condiiansessas tepReraiure, cause

substantially the same amount of phase variations in the reference beam 126 and measurement beam
128. This is us&fies, &G fev-LorerEict Prararatreiy a8 i pevEReth Fisiitin the same

optical path lengihs fprihe measiremeniandyefarencerbeamns:dmsome examples, the thicknesses of
reference clement 104 and the bcamsplitter 116 may differ, and an additional optical element may be

used to partly correct for phase differ nees,caus & differences, 1006311f the back
surface 138 of @i(fegﬁ/st og?é%{nféglg:%a %qul}??glt:%e w%itﬁ%bt%eﬁﬁré% oﬁgt%e tesst otcjcjaect 102 is to be measured,
the distance betvemtheitebeubjpbittt0d! Ard tveidseabirplies vheredis pecadivsiett M that the

round-rp opticalpafiIEGMTAYEISELRY e RSP mER BREL oM JPaPR pUEfRceiba2 to the

surface sought to be measured, is equal to the round-trip optical path length traveled by the reference

beam from the!PFRE suifgdateioresnaie bPrusrtiee s Muste 1rst Haralbs W TEREER e index of the
test object ma%@&ﬁiﬁ@ﬁ%gsﬁgﬁtﬂ?@ugfﬁf&%tﬁgﬁdﬁf% @%%i_;rmﬁwacp@aswiah dl?iﬁiﬁ@ﬁ&f?yeled bg/ the
measurement beam may be different from the physjcal distance trayeles the reference beam even
though the optﬁ%"ﬁ‘ﬁ‘tﬂ‘i@ﬁ@ﬁ@%P?We%&é%%?é%ﬁé?‘!t@ﬁ‘&%aﬁé%rg%%&/k?@é‘l %P/et‘t éﬁt?lo %ﬁ’ﬁ%e. 100641In the
example of FIGxg, the)referends etement 2@ andtHébhedmsplitten2i2ratsogrenidé28équal path
lengins for the megeuremeny angreferencs beams- 0S5 Anplher penel afhg doysiie desian i
that it is compalﬁbﬁlé% y'the ‘Overa geomedtry and mechanical design of commercial laser Fizcau

interferometershsushisgithie. ZygodePiTiMise thessoffisterfefd meltdrs v altistel fdm Zygo Corporation,
Middlefield, Connecticut.

[0053] In the exampie of FIG. 1, the measurement beam 128§ (after being reflected
from the surface of the test object 102) and the reference beam 126 (after traveling
round-trip between the PR surfaces 122 and 118) are combined or overlapped at the
PR surface 122 of the beamsplitter 116. The overlapping beams then travel toward

the camera 108.

[6054] In addition to the portions of the reference beam 126 and measurement
beam 128 that are directed to the camera 108, the reference element 104 and the
interferometer beamsplitter 116 (among other possible sources of accidental
reflection) may generate unwanted reflections (such as 139). To isolate and remove
the unwanted reflections 139, the reference element 104 and the interferometer
beamsplitter 116 are slightly angled, as shown in the figure, so as to direct the

unwanted reflections 139 outside of the clear aperture of the aperture stop 130.

[0055] FIG. 1 shows an example of the unwanted first reflection 132 from the PR
surface 118 of the reference element 104, and the unwanted portion 134 of the

reference beam 126 that transmits through the reference element 104 rather than

12



10066]Referring to FIG. 4, an example equal-path interferometer 144 can be used for phase shifting
interferomctry. The interferometer 144 includes an instrument mainframe 142 and an interferometer
sub-assembly 140. The interferometer subassembly 140 is an accessory that may be attached or
removed froM @8 WiEi#TAme 142 of the instrument, depending on the applicatieH & FRainframe 142
includes a light source 146, an illumination beamsplitter 112, a collimator 114, an aperture stop 130,
an imaging lens 136, and a camera 108, similar to those shown in the example of FIG. 1. The light
source 146 can be either a laser source or a low-coherence light source. WO
2010/148277Pei#tB8201:0/0891R5 g06RIfersvnte irmplemdttatiohs Hivculighnisuisg 146 can be

adjustable betwaen,a braadhand-meds.ien Iawscrharence InLiergmRinsand Algsengode for

high-coherence interferometry. For example, the nght source 146 can be a laser diode that operates
in the broadband mode whf%n driven at rren below its laser thresh | ﬁgopﬂaﬁeg in the laser
mode when drivendt a cldr ?1?’%’3?}8 gﬁ?ﬁfifﬁrc[ﬁfﬁzé@]% g &t Sibassembly 140
includes an inteﬁfeﬁgmeiawiﬂeammhﬁteaﬁ&ﬁw%&r&fqmnhm@emm d.@:ﬂ:;&imlbaﬂ)t@ thbse shown in

the example of FIG. 1. The E{ %3 on of th sub -asse q&g{tl an beﬁdjgsted &1etpt esented by 147) by
W

. 1510 15 1 ‘EC 411 an ant u
a mechanical 6ﬁ S8 Ehife hic canyhave n accuracy y'in T order of e.g., ‘micron. The phase

shifter 148 varne:fetlaacoﬁ)bwl Patiriengits differérdeRbetdaen iﬁ@ﬁtbamfmnemtﬂbmm 128 and the
reference beam 126mlxq th e%ﬁ%?ﬁ?'?m%]ﬁeﬁ@é"se shifter 148 mechanically couples the interferometer
sub-assembly %4@? P)jase on the instrument mainframe 142 and is configured to vary the distance

between the subassembly 140 and the test object. 10@@0 vary the optlc?l path Iength for the
measurement b5 128R fOBESETHE Shi5-dESEMBID EBW R EdRAGUIPSH A8 Semountable
accessory that@mb@da@m&%@ﬁ é%ms@m&%ma&ﬁﬂaaw@&é&&&@em@ht ansgeeessary mounting

lange 145 n e ample b el eno 141 compalpb b minien oL
can be made of wedged substrates 210 a,nd 212, rcspcctwcly In this example, the
wedged substrate 212 has a PR surface 218 facing the reference element and an AR
surface 216 facing the test object 102, in which the PR surface 218 and the AR
surfacc 216 are non-parallel. The wedged substrate 210 has a PR surface 220 facing
the collimator 114 and an AR surface 214 facing the beamsplitter, in which the PR
surface 220 and the AR surface 214 are non-paraliel. The PR surface 218 and the PR
surface 220 are tilted by angles substantially equal to o and 2o, respectively, with

respect to an orientation perpendicular to the optical axis 106 By using wedged

substrates 210 and 212, unwanted reflections from AR surfaces 214 and 216 will
travel in directions at an angle relative to the measurement and reference beams, and

eventually blocked by the aperture stop 130.

[0058] In the example of FIG. 1, the surface being viewed or measured 18 the
front surface 137 of the test object 102. The interferometer 100 can also be used to
view or measure the back surface 138 of the test object 102. The surface being
measured do not necessarily have to be outer surfaces of an object. The
interferometer 100 can also view or measure an internal interface within an optical

element.

[6059) The interfering pattern detected by the camera 108 can be analyzed by,

e.g., a computer (not shown) executing programs. Analysis of the interfering pattern



to utilize polarized Light such that the measurement beam and the reference beam have specific
polarizations along particular portions of the measurement path and reference path, respectively.
[0071]When a low-coherence Light source 146 is used, the equal-path interferometer 144 allows for
the measureieiti6fidpcific surfaces of, e.g., a transparent object havingFURipIe1 #&FeEng surfaces.
In low-coherence interferometry, the interference effect is restricted or Localized to the equal-path
condition. WO 2010/148277PCT/US2010/039125 100721FIG. 5 shows an example interference
signal 150 that varies as a function of object position for a transparent object when measured with a
spectrally-broagbanovi6o O imresnterhwavelengths thsr tirn fulifaeidil aohidlf ohgodnidi (FWHM)) light

source. An objﬁ]%g&%i&ip@egfaggbefggsa%ggi}@gmgget 16 equal-path condition. In this example, the

amplitude of the envelope of the interference signal 150 is high near the zero position, and is reduced

considerably at positions beyond 12 microns from the zero position. 1001731_F|§. 6 shows an example
interference sig %tren&tﬁ’fﬁ%&%gﬁ}é ag’é%%ﬁr H P65t psitiBn s st ©%0-micron thick
fused-silica objetixdaonneaghredhwithanspecticibadspadband (606-urn peaniar Wwavelerfgth, 15 nm
PWEIM light squice, A\ st pral 162 ofihe ierlerence sianal 469 eceurs, af e, zerg pgsition. A
second peak 164 of the interference S|gna? occurs at -60 microns, whic corresBon(ffs to a
reflection fromthe Jatk stiffiaceramthghoitjent the gofidins tihibdhsaemérortithelyrapits in FIGS. 5 and

6, reflections fram, SHUACESQANADSHERODIREL 102 INALAIEJRREG AR S GhorFDACHERS Away from the

surface being measured will have negligible contribution to the interference patternthat is generated
when the equatpaircoHumBIiieshfeRER e iHefhaaGararent Tath BAts ierrtieeepath have

substantially egualfatihdengthiir.thsaxampleshowndndies: ddpbiahtiafigcied fom the front
surface 137 and back surface 138 of the test objeci,lOZ may all reach the (fan%ﬁra 108. Assume that

the distance bétiieeh thBNBHEAAEE R RS AT b F B P AT ON AR R ER e interferometer
100 is used to paeaButetbefiahissiifasl rdhghliphtpaitectedvtpmtthechackaurace 138 will likely

not have any significant contrigution.ta the interference pattern. etecteg t the camera 108. Similarly,
hen the nter S ArEIEH 00 1 DL A S T B SO BEE TR L AR from the font
surface 137 witthicedysemtbavecany!sigriicBmicostwimdtibre toidhecimhe feremed(fattern detected at the

camera 108.
[0061] Referring to FIG. 3, a benefit of the inventive geometry for the reference

element 104 and the interferometer beamsplitter 116 is that they can be configured to
have equal path lengths for the reference bearn 126 and the measurement beam 128,
as well as equal amounts of glass in both paths. For example, the thickness of the
glass for the reference element 104 can be the same as the thickness of the glass for
the beamsplitter 116. In this example, the path length traveled by the measurement
beam 128 from the PR surface 122 of the beamsplitter 116 to the front surface 137 of
the object 102 and back to the PR surface 122, is equal to the path length traveled by
the reference beam 126 from the PR surface 122 to the PR surface 118 of the

reference element 104 and back to the PR surface 122,

jG0e2] Variations in environmental conditions, such as temperature, cause
substantially the same amount of phase variations in the reference beam 126 and
measurement beam 128, This is useful in, e.g., low-coherence interferometry, where
is it important to maintain the same optical path lengths for the measurement and

reference beams. In some examples, the thicknesses of reference element 104 and the

14



[0075]Referring to FIG. 7, an equal-path interferometer can be adapted for other instrument platforms,
such as interference microscopy. An interference microscope 170 includes a mainframe 172 and a
removable interferometer objective 174. The mainframe 172 includes a light source 146 and a lens
and field stofV&@s¥apig82 176 (which includes lens 173, a field stop 175, anBldrtiitiiiatidh aperture
stop 177) to collimate, filter, expand, and direct light from the light source 146 towards an illumination
beamsplitter 178. The bcamsplitter 178 directs the light towards the interference objective 174. The
beamsplitter 178 also receives light returned from the interference objective 174, and directs the
returned light tbcarosphigra 1E8hycuthr asnihsagitg e Hera csicperBoaney tuisedénga2182. 100761 The

interference ohjegfive 174 inelydes.an;akiertve lensiifsaan iRterfgiometer beamsplitter 116, and a
reference element 104. To view (or measure) a particular surface of an object 102, a mechanical
scanning mechanism 186 scans the interference objective 174 along a direction 188 to adjust the
distance bl PR ShE PPt Lo R P Des' di the LSS P A SR 102 beng
viewed. The reafovablg siterferoineterbobjeativie d T4 candaketthe plade: of titaes; Mickhelson- or
Linnilc-type interference ohjectives used in ather em cause t qg‘“ 08GQP§;170 uses an
equal-path inte?r?(%er%%fg? g%ﬁlg Lsg?ﬂlgo%gé%ﬁﬁi%ggvﬁte ﬁgﬁﬁnﬁgwg}ro ' }atrﬁ.{ Tﬁe ﬁr‘{i‘[erference objective

174 can be motacoed fachtharceitverctiddivhaisoic SRLSAHICyIE Intdrarstics shjettives.
100771Referring 10-ElGe 8, IN3QME IMPlIEMENialiops. AN aRtcalAsSAmBl 1 Ifarusado an equal-path

interferometer includes a reference element 192 and an interferometer bcamsplitter 194. The
interferometer BeEmSpMtde PR Gred By laiharGlevéanth! fesplat fpbbeerieatiidhiiseyéndicular to
an optical axis {6y anehthesreigense elermaeni-La2isdilled:bya0angle-1 Sawithogspeei to an
orientation perpendicular to thﬁ%,og‘tical axis 106. Under thiE c%]éigura%ion, reference beam 196
reflects a total SFHT RS OR PBRGIHSES YR BF A QftHRAE S R HETY U three times from
a PR surface 20R2iafdhednterdare deerbfeammsplitten 294 {hhegleferenced) path 128G Hsduelsaround-trip
twice between the PR surfaced %&% of thg beamsgbﬁg%ra %34 and the PR surface 200 of the reference

Sasurement an CNCe OF 5 4re s S,
element 192 befora the reference baam i combines with the measurement beam 198. WO

2010/148277PCT/US2010/039125 , .
[6064] In the example of FIG. 2, the reference element 210 and the beamsplitter

212 also provide equal path lengths for the measurement and reference beams.

[6065] Another benefit of the inventive design 1s that it is compatible with the
overall geometry and mechanical design of commercial laser Fizeau interferometers,
such as the Zygo GPI™ series of interferometers, available from Zygo Corporation,

Middlefield, Connecticut.

{6066] Referring to FIG. 4, an example equal-path interferometer 144 can be used
for phase shifting interferometry. The interferometer 144 includes an instrument
mainframe 142 and an interferometer sub-assembly 140. The interferometer sub-
assembly 140 is an accessory that may be attached or removed from the

mainframe 142 of the instrument, depending on the apphcation. The mainframe 142
includes a light source 146, an illumination beamsplitter 112, a collimator 114, an
aperture stop 130, an imaging lens 136, and a camera 108, similar to those shown in
the example of F1IG. 1. The light source 146 can be either a laser source or a low-

coherence light source.



100781The thickness Ti of the reference element 192 is half the thickness T2 of the beamsplitter 194,
so that the reference beam 196 and a measurement beam 198 pass through equal amounts of glass.
The distance between the PR surface 202 of the beamsplitter 194 and the front surface 137 of the
object 102 b8ifig4iEasaiéd can be about twice the distance between the PRESIHAEEYHI%0f the
bcamsplitter 194 and the PR surface 200 of the reference element 192. The optical assembly 190 can
be used with an instrument mainframe, similar to the example in FIG. 4, or be used in an interference
microscope, similar to the example in FIG. 7. [0079]An advantage of the optical assembly 190 is that it
provides incred8@&Mvorkingaistanotebetinsionsibededrrreplitdr ¢I4ubriatiastasicdisiecend?, as

compared to the examples, shownin FIGS.b4 APd-foh00804in sameimplespentations, the

interferometer beamsplitter (e.g., 116 or 194) and the reference clement (e.g., 104 or 192) can be

non-planar. For@xarmprenitifrecteet pbjistroncs ghelint| seHE PR PeTardRce SGHEed 8™, 118 or 200)

of the referencglement (& GrodfidhQl A34) fasn beialcamparahlesphericalsshapesifadaiFIG. 9
shows an example interferometer 220 for measuring a non-pIanar_gﬁg%és(@?ge%%g%concave) surface

224 of a test OBJEEFE P P HMRIS MBS LR EES R WRUGe! ce clement 226 and

a wedge shaped interferometer beamsplitter 228. The beamsplitter 228 has a PR surface 232 and an
AR surface 2420088 reféfentacefement226 rassa PR Sériacedgemmdcaisraresdrface 240, in which

the PR surface, 230 and ihe, sui{acs 424 QbR ARst 9biechere & S:aYOMMAtkicalmithresnect to the PR
surface 232 of the béamsplitter 228. The PR surface 232 splits an incoming beam 244 into a

measurement B8ERI2B4 Hisdrasirarehibe seapisontinitGrevebeadisrisddiTrmgtre b ot ‘dombining at

the PR surfacei232-tedorn averlappine-besns 238 clihpiniaderener pattesveldheraverlapping beams
238 can be analyzed to provide information about, e.g,, whe h§€r thecﬁ?g%ce’ 4 of Athehtest object 222
matches or deWiAfES frdmc R sgirBHELHHCE RIS Pé%‘f:eaé@ﬁ B b WHHSEES34 St the reference

clement 226. \W:2030Lh4 8247 PEXT/LISRO 1619304240082 1 ln th interfpikorhetgrat00, an imaging
module or system,(in¢lyding the. i ing lens 136 apd the camera 108) for,capturing and recording the
interference patiat gftaés%&c%ar é?%@%ﬁ% Lefsf%lgdgigﬂpgw a rosgu}%g Sl s%’gled%?ghde{) %p%ﬁ of focus
become out of focussandappearfbiuey 43 tid imagdisoagtredbihthd tarnehst08? ostire

mplementations, e, I'eHPIAMALLEGaR10 GaR10VIE Ip BANEERAIR AamRRRRAS placed outside the

depth of focus of the imaging system to relax the requirements on the quality of the components. For
example, if a grasssymeratecisrolA8ide of the depth of focus of the imaging system, imperfections of
the glass substrate become out of focus and have a small or negligible effect on the interference
patterns captursd$y the tamea308ihisiallewdthenfzemcilovwed costvehipenenisriotieduce the

overall cost of tpaen %%Sr;[ﬂeort?n}gg I&".}% %ftlltl,l i%%%ﬂ‘&?éﬁ‘# rrlxgagllggn%e [Hrtzﬂza‘o%cg ‘an aceessory mounting
flange 149, In this example, the interferometer 144 is compatible with illumination of

arbitrary polarization.

[6670] In some implementations, it is possible to configure the interferometer 144
to utilize polarized light such that the measurement beam and the reference beam
have specific polarizations along particular portions of the measurement path and

reference path, respectively.

[0071] When a low-coherence light source 146 is used, the equal-path
interferometer 144 allows for the measurement of specific surfaces of, ¢.g., a
transparent object having multiple reflecting surfaces. In low-coherence
interferometry, the interfercnce effect is restricted or localized to the equal-path

condition.



100831Referring to FIG. 10, in some implementations, an interferometer 250 has a configuration
similar to that of the interferometer 100 (FIG. 1), except that the interferometer 250 includes a
reference element 252 that is flipped over compared to the reference element 104 of interferometer
100. The refé&@roedsleiiént 252 has an antireflective coating 120 on a sul&g&fagi¢iheTollimator
114 and a partially reflecting coating 118 on a surface facing the interferometer beamsplitter 116. The
input light from the light source 160 encounters the AR coating 120 before encountering the PR
coating 118. Such a configuration may have the advantage that there are no glass elements within the
depth of focus pfHE imakitg Sylstemafthaipierfiérdmeter 250211100844 nathis exampiécthe depth of

focus is define%@eggcﬁ Sﬁé@}éggggm %Ja@gaﬂ&nto%j&q%%%&%Sﬁ%mtefatg%&y nerical ARgHure. For

example, at a wav nm, the depth 'of focus of an imaging system that has a numerical

aperture of 0.00%{si0sivsT Thesleuging Systént isiddsigheld toprojee( R \PEtéth Bhinterference
between light reflgctedafy -é]?gggﬁiéﬁré@%ﬂé&@é&ﬂ%ﬂﬁf@&ﬁ@ &L@mggﬁx%%%fﬁagzﬂ_igmﬁélected from
ect 120,

a surface on or in the obj so the center of focus is at the PR surface 118 of the reference

element 252 afdiRBlsUfacBBY I objBe o BEiAG T dakuiEa sk Hghdn bEEbIEE 196 and the

reference elemgipé 304ware pesitiopad o hasepataied Ry meoieibamdne dapibrofifosus{20 mm in this
example), the beamsplitter substrate becomes out of focus. This can relax requirements on the quality

of the glass subSt8¥Ekd in the interferometer 250, particularly at high spatial frequencies.
[0085]Referring to FIG. 11, in some implementations, an interferometer 260 has a configuration that is

similar to that dffH8linterfdforheter250 ri@r ko igitiasadambrisipidal dlehientesich as a
dispersion compensaiQr-26; Pg&éﬁ_mlb@mﬁfwﬁﬁ& swsfaceitiBigtthe Kefarrnga &lement 252

C
and the PR surface 122 of the beamsplitter 116. The additional o?tical element may partly or fully

compensate folHds®ertraiyruaadbant s tia FarsrEreE BT 126 Ha Mode Y928 caused by
the differences Anfnatesiniscengarnierad-hy ibeibeamsi it ane: 128:c10086550r axanple, in the

interferometer 25Q of EIC{g.‘lO, al%pu%h tggngﬁt@mes tra\tl_eI@d hy the b%ar&s 126 andd 128 are the
same, the mealiftenfei'BRa M T28 YLEs oUgh HHOTa' grasd AR the refsrenc8 Beam 126. As
another exampieflit-the thvekiessaok thwefreferbthesblament 252 is different from the thickness of the
interferometer beamsplitter 116, there may be a phase difference between the beams 126 and 128

even though thg,pegms travelthe sapedistansesni heradditiona) eptisrl-glareat({gr.tbe dispersion

compensator 262) may partly or fully compensate for thg hase differences between the beams 126
and 128. The atititfie il Sptical Befitat g bl Platéd SUISIAR Y HEMERIR BF L the imaging

system, relaxing:the reasirements anr helgualiy ofithaadditanainepticahalement thathe example of
FIG. 11, the di(s;ersion corr%i)%nsator 262]éiSé3I?ced cIoserFIo the b%amscplitter 116 than tge reference
o} the,me 1d.

element 118 s TRSEHRE WIS SHEAmITR 5L B6S 18151 dbnd qabth O Tl Bt the imaging
system (the centBrrofdfopus beirgdtsthe PR syrfdgath18iefithe Iefbcencagleshenin2s2).

100871Referringd HG. {24y INRQReATR BN BIAUANS. 20 PGS ace 138 of the tost
object 102 may all reach the camera 108. Assume that the distance between the front
and back surfaces is more than 20 microns. When the interferometer 100 1s used to
measure the front surface 137, the light reflected from the back surface 138 will likely
not have any significant contribution to the interference pattern detected at the
camera 10&. Similarly, when the interferometer 100 is used to measure the back
surface 138, the light reflected from the front surface 137 will likely not have any

significant contribution to the interference pattern detected at the camera 108,

[6075] Referring to FIG. 7, an equal-path interferometer can be adapted for other
instrument platforms, such as interference microscopy. An interference

microscope 170 includes a mainframe 172 and a removable interferometer

17



includes an optical assembly 270 that uses reflections alternatively from the front and back surfaces of
the interferometer beamsplitter to provide substantially equal paths through glass for a measurement
beam and two reference beams that produce three-beam interference patterns. The optical assembly
270 includeS¥Prafyeéé’element 252 and an interferometer beamsplittc? ‘2?@%’?&?&?%06 element
252 has an anti-reflective surface R1 and a patrtially reflective surface R2 (having about 50%
reflectivity). The beamsplitter 272 has two partially reflective surfaces R3 and FA (each having about
12% reflectivity). The surfaces RI, R2, R3, and R4 are positioned in sequence. 100881The example in

FIG. 12A is illustiatgdewiitho Titiltirgniienetdicnchidts mbak by ife! Be andsplre s d&slet unwanted
reflections, and, '%&%gﬁ{@@%@ﬁ%@ym beams.snsas oMake hekeammaths easier to

observe. A first portion of the light is transmitted through surfaces Rl and R2, and reflected at the

surface R3, forsnira first Feferered puamNo78rRe firgt farsididet BeniPor8%artially reflects from

the surface R2.gpddetrasiadbesuriace:.Rédh atawhijohipointthereferengabeasAi2a8spartially
reflects in a path that is approximately collinear and iggxgﬂg've wit .%the W@A?S%|Jggminﬁti0n' but
traveling in the'GpP#ite tireetsn M 1B6BT R RN 0 FIG. "T2E A LeE5hd b

, a second portion of the light is
transmitted thraugh-aurfrRaesoRl 1R 2narfd-&23¢ ahitds vefledted ddithetstfaceRe] fotming a second

reference beam B 28 g e second refererncer?e_ar_q ZB]sz artiall %flg}%sl om the surface R2 and
returns to the sUff: E%qlg ,g"alf) \%ﬁ%éﬁl f)%?%f%gpree erence e%%n 2%% partially reflects in a path that is
approximately collinear and coextensive with the original illumination, but traveling in the opposite

direction. 10008A6hird Pbetibisdramsdighicasittelthidiigth MRSiiaces R 85, R3, and R4,

forming the megsuremantbeamdia8: Thelneasiwienenheam k282 ewhinaaswitrdhe first
reference beam A 278 at the surface R4, and with the sec?nd reference beam % 6280 at the surface
fg%/;éf? tll 186 8¢ g

R3. The overlappiitcoL e’ BRI e AMEFADEE RRTEH G TS sarllﬁ"ﬁrenrferehcaemé%%ng the first
reference beam&2#8udbetseadnd reference deativB 12800 adfhthéenkasure mentbealtiRM 282,
[0001]The folloudng dessrigs 3 melhad dof deleiminingdhe ielctiviies ol surfacesRa RS, and R to
achieve a high(e.g., maximum CORtFast of the three-beam interferehce pattern.” Disregarding for the
moment all spuFtausrefettions: theimtarfeberte dntéhsity foredlsinifecinfddepoindighelson-

or Linnik-type interference objectives used in other systems. Because the microscope

170 uses an equal-path interferometer, it is useful for scanning white light

interferometry. The interference objective 174 can be more compact than either the

Michelson- or Linnik-type interference objectives.

{0677] Referring to FIG. 8, in some implementations, an optical assembly 190 for
use in an cqual-path interferometer includes a reference clement 192 and an
interferometer beamsplitter 194. The interferometer beamsplitter 194 is tilted by an
angle o with respect to an orientation perpendicular to an optical axis 106, and the
reference clement 192 is tilted by an angle 1.5¢ with respect to an orientation
perpendicular to the optical axis 106. Under this configuration, a reference beam 196
reflects a total of two times from a PR surface 200 of the reference element 192 and
three times from a PR surface 202 of the interference beamsplitter 194, The reference
beam 196 travels round-trip twice between the PR surface 202 of the beamsplitter 194
and the PR surface 200 of the reference element 192 before the reference beam 196

combines with the measurement beam 19¥,
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2(l) where E,, E B, E 44 are the complex electric field amplitudes for the reference beam A 278,
reference beam B 280, and measurement beam M 282, respectively. Denote the complex reflectivities
of the surface RI ... R4 as i; 4, and the transmissivities of these same surfaces as r, 4, respectively.
Tracing the tWo refendsiié beams A and B through the system, we have foP@HURBULf&EZEN
E04t2r5r2crat;t2tl ER = EOt,t,tyy3r.tie™ (2) (3) where cp is the phase offset related to the optical path
difference (OPD) between the two reference beams A and B. Equations (2) and (3) simplify to E, = E
t2t2th- 0'1 22r r 3 4(4)

16G78] The thickness T1 of the reference clement 192 is half the thickness T2 of

the beamsplitter 194, so that the reference bearmn 196 and a measurement beam 198
pass through equal amounts of glass, The distance between the PR surface 202 of the
beamsplitter 194 and the front surface 137 of the object 102 being measured can be
about twice the distance between the PR surface 202 of the beamsplitter 194 and the
PR surface 200 of the reference element 192, The optical assembly 190 can be used
with an instrument mainframe, similar to the example in FI1G. 4, or be used in an

mterference microscope, similar to the example in FIG. 7.

[6679] An advantage of the optical assembly 190 is that it provides increased
working distance between the beam splitter 194 and the test object 102, as compared

to the examples shown in FIGS, 1-4 and 7.

{0080} In some implementations, the interferometer beamsplitter (e.g., 116 or
194) and the reference element (e.g., 104 or 192) can be non-planar. For example, if
the test object 102 is spherical, the PR reference surface (e.g., 118 or 200) of the

reference element (e.g., 104 or 192) may be of comparable spherical shape.

16081] FIG. 9 shows an example interferometer 220 for measuring a non-planar
(e.g., spherical concave) surface 224 of a test object 222, The interferometer 220
mcludes a wedge shaped reference clernent 226 and a wedge shaped interferometer
beamsplitter 228. The beamsplitter 228 has a PR surface 232 and an AR surface 242.
The reference clement 226 has 2 PR surface 230 and an AR surface 240, 1 which the
PR surface 230 and the surface 224 of the test object 222 are symmetrical with
respect to the PR surface 232 of the beamsplitter 228. The PR surface 232 splits an
incoming beam 244 into a measurement beam 234 and a reference beam 236 that
iravel equal path lengths before combining at the PR surface 232 to form overlapping
beams 238. The interference pattern of the overlapping beams 238 can be analyzed to
provide information about, ¢.g., whether the surface 224 of the test object 222
matches or deviates from a desired surface profile represented by the PR surface 230

of the reference clement 226.
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ER =(5) 100921Assuming that the beamsplittcr surfaces R2 and R3 arc perfectly parallel, the optical
path difference-related phase cp = 0 and there is constructive interference of the two reference beams,
we can write an equivalent reference beam field as ER =2E,(6) The measurement field is 4 eiG(7) The
intensity 1 inEyREAGASLLY simplifies to the two-beam equivalent WO 201G/4581570/039125
PCT/US2010/039125 | =IEE,I2 resulting in the faliar intensity formula

[0682] In the interferometer 100, an imaging module or system (including the
imaging lens 136 and the camera 108) for capturing and recording the interference
patterns has a certain depth of focus such that objects outside of the depth of focus
become out of focus and appear blurry in the images captured by the camera 108. In
some implementations, the terferometer can be configured to have certain
components placed outside the depth of focus of the imaging system to relax the
requirements on the quality of the components. For example, if a glass substrate is
outside of the depth of focus of the imaging system, imperfections of the glass
substrate become out of focus and have a small or negligible effect on the interference
patterns captured by the camera 108, This allows the use of lower cost components to

reduce the overall cost of the system while still maintaining high performance.

{0G83] Referring to FIG. 10, in some implementations, an interferometer 250 has
a configuration similar to that of the interferometer 100 (FIG. 1), except that the
interferometer 250 includes a reference element 252 that is flipped over compared to
the reference element 104 of interferometer 100. The reference element 252 has an
antireflective coating 120 on a surface facing the collimator 114 and a partially
reflecting coating 118 on a surface facing the interferometer beamsplitter 116. The
input light from the light source 160 encounters the AR coating 120 before
encountering the PR coating 118. Such a configuration may have the advantage that
there are no glass elements within the depth of focus of the imaging system of the

interferometer 250,

[G084] In this example, the depth of focus is defined by the wavelength of the
light divided by the square of the numerical aperture. For example, at a wavelength
of 500 nm, the depth of focus of an imaging system that has 2 numerical aperture of
0.005 is 20 mm. The imaging system is designed to project a pattern of interference
between light reflected from the PR surface 118 of the reference element 252 and
light refiected from a surface on or in the object 120, so the center of focus is at the
PR surface 118 of the reference element 252 and the surface of the object 120 being
measured. When the beamsplitter 116 and the reference element 104 are positioned

to be separated by more than the depth of focus (20 mm in this example), the
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(8) (9) (10) /=/R +1" +2J1J1 cos (0) where = 412T1T32 R2R,R, IM= Ti212121327:42 for (11) kI..4
(12)

WO 2010/148277 PCT/US2010/039123

beamsplitter substrate becomes out of focus. This can relax requircments on the
quality of the glass substrates used in the interferometer 250, particularly at high

spatial frequencies.

[GO85] Referring to FIG. 11, in some fimplementations, an interferometer 260 has
a configuration that is similar to that of the interferometer 250 (F1G. 10), with an
additional optical element, such as a dispersion compensator 262, positioned between
the PR surface 118 of the reference element 252 and the PR surface 122 of the
beamsplitter 116. The additional optical element may partly or fully compensate for
phase differences between the reference beam 126 and measurement 128 caused by

the differences in materials encountered by the beams 126 and 128,

{06086] For example, in the interferometer 250 of F1G. 10, although the distances
traveled by the beams 126 and 128 are the same, the measurement beam 128 passes
through more glass than the reference beam 126. As another example, if the
thickness of the reference element 252 is different from the thickness of the
interferometer beamsplitter 116, there may be a phase difference between the beams
126 and 128 even though the beams travel the same distances. The additional optical
clement (e.g., the dispersion compensator 262) may partly or fully compensate for the
phase differences between the beams 126 and 128, The additional optical element
may be placed outside of the depth of focus of the imaging system, relaxing the
requirements on the quality of the additional optical element. In the example of FIG.
11, the dispersion compensator 262 is placed closer to the beamsplitter 116 than the
reference element 118 so that the dispersion compensator 262 is outside the depth of
focus of the imaging system (the center of focus being at the PR surface 118 of the

reference element 252},

[6487] Referring to FIG. 12A, in some implementations, an interferometer
includes an optical assembly 270 that uses reflections alternatively from the front and
back surfaces of the interferometer beamsplitter to provide substantially equal paths
through glass for a measurement beam and two reference beams that produce three-

beam interference patterns. The optical assembly 270 includes a reference element
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=1r12 (13) (14) [00931The reference beam net intensity IER is 4 times the intensity of either one of
the reference reflections (A) or (B) taken alone, which means that the beamsplitter reflectivities R" R4
need not be very high to achieve good fringe contrast. Defining the fringe contrast as maximum
fringe contradY& 241%/1484¢hieved for /" =Using Equations (10) and (11), theh@iaxisaesasemsast can be
achieved when

252 and an interferometer beamsplitter 272, The reference element 252 has an anti-
reflective surface R1 and a partially reflective surface RZ (having about 50%
reflectivity). The beamsplitter 272 has two partially reflective surfaces R3 and R4
(cach having about 12% reflectivity). The surfaces R1, R2, R3, and R4 are positioned

in sequence.

{0088] The example in FIG. 12A is illustrated without tilting the reference
element and the beamsplitter to reject unwanted reflections, and with non-parallel
input and output beams, so as to make the beam paths easier to observe. A first
portion of the light 1s transmitted through surfaces R1 and R2, and reflected at the
surface R3, forming a first reference beam A 278, The first reference beam 278
partially reflects from the surface R2 and returns to the surface R4, at which point the
reference beam A 278 partially reflects in a path that is approximately collinear and

coextensive with the original illumination, but traveling in the opposite direction.

10089} Referring to FIG. 12B, a second portion of the light is transmitted through
surfaces R1, R2, and R3, and is reflected at the surface R4, forming a second
reference beam B 280. The sccond reference beam 280 partially reflects from the
surface R2 and retumns to the surface R3, at which point the reference beam B 280
partially reflects in a path that is approximately collinear and coextensive with the

original illumination, but traveling in the opposite direction.

[G020] A third portion of the light transmitted through the surfaces R1, R2, R3,
and R4, forming the measurement beam M 282. The measurement beam M 282
combines with the first reference beam A 278 at the surface R4, and with the second
reference beam B 280 at the surface R3. The overlapping beams travel toward the
camera 108, which detects interference among the first reference beam A 278, the

second reference beam B 280, and the measurement beam M 282,

10091] The following describes a method for determining the reflectivities of
surfaces R2, R3, and R4 to achieve a high (¢.g., maximum) contrast of the three-beam
interference pattern. Disregarding for the moment all spurious reflections, the

mterference intensity for a single image point is:
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4 4727-2:2T.32R,R3R4(16) which simplifies to WO 2010/148277PCT/US2010/039125 T"R"t =
4R,R,R4(17) [00941As a specific example, let the object 120 be a bare-glass surface with a 4%
reflection, a reference surface (R2) reflectivity of 50%, and equal reflectivities for R3 and R4, and
dielectric codtifgsiulaEtitve 0% reflectivity for RI. In this case, R, = 0 R,F560/5t48)B44 fringe
contrast V =I , 2RR4)24% =(19) which has the solution RHigher reflectivity objects may benefit from a

I=|E,+E,+E,[ (1

where £, E,, E,, are the complex electric field amplitudes for the reference beam A

278, reference beam B 280, and measurement bearn M 282, respectively. Denote the

complex reflectivities of the surface R1 ... R4 as 1, ,, and the transmissivities of these
same surfaces as 1, , , respectively. Tracing the two reference beams A and B through

the system, we have for an input field £

j " F g \
E, = Epnntntll (23

E, = Egrtrtnnnte” 3)
where @ is the phase offset related to the optical path difference (OPD) between the
two reference beams A and B. Equations (2} and (3) simplify to

E, =Etlttnnr, (4)

E, =E¢* (5)

[8092] Assuming that the beamsplitter surfaces R2 and R3 are perfectly parallel,

the optical path difference-related phase ¢ =0 and there is constructive interference

of the two reference beams, we can write an equivaient reference beam field as
E,=2E, (6)

The measurement field 1s

2

E, = Estxztzztszf;z Fygig (7}

The intensity I in Equation (1) simplifies to the two-beam equivalent
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higher beamsplitter reflectivity. For example, a beamsplitter reflectivity of R3 = R, =28% provides
maximum contrast for an object reflectivity of 30%. 100951In the calculations above, it has been
assumed that there are no other reflections reaching the instrument imaging system other than the
measurement® et 4#d the two reference beams A and B. Similar to the%&y dn in FIGS. 10
and 11, the reference element 252 and the beamsplitter 272 in the optical assembly 270 can be tilted
to reduce or eliminate unwanted reflections and to result in parallel input and output beams.
100961Referring to FIG. 13, in some implementations, an optical assembly 220 includes a
plane-parallel beamspli:‘t;tgrﬂa—?%}ﬁat is tilted by an angle a, and the reference é¢ment 252 that is tilted
by an angle approximately equal tb 2a. In this example, unwanted single-surface reflections from
surfaces R3 and R4 are npt retun aralle output beam paths. WO

2010/148277PC t%&i@fo?ﬁ%ﬁ%&%@@ﬁ%&éﬁ rgemains an unintended beam from surface R4
reflecting from surfacrz B% an a“g;iﬁffem S éﬁr)ace R4 into the output beam. There remains also an
unintended beam frorh Sufface R3Yet éff:fjlcr’f’gtJ om surface R2 and again from surface R3 into the
output beam. These beams do not have the correct path length to generate interference when the
illumination is ofiew spatial and temporal coherence; therefore, they merely add background light to
the image and do not otherwise disturb the desired interference pattern. The net effect can be a
reduction in relative fringe contrast by, for example, 20%. 100981Referring to FIG. 14, in some
implementations, an irferféFoRiéTe, 800 is provided by modifying the interferofi&ter 100 to use a field
lens 302 outside of the imaging path, instead of using the collimator 114. The object 120 is imaged
directly to the camerag}fogw@g%hqying a collimator in this critical path. The field lens 302 may, for
example, be positioned between the light source 110 and the illumination beamsplitter 112. Because
the field lens 3Q2 does not take part in the imaging of the object 120 and the reference element 104,
the field lens 302 neeg, not Pe of the same quality as the collimator 114, while s,glj allowing the
interferometer 300 to Obtai ‘-élccurate measurements. The field lens 210 may E)e, for example, a
diffractive or Fresnet lens. 100991In the example shown in FIG. 1, in order to measure the surface
properties R, =\n.f 13

Ry = lrM {2 (] 4)

[0093]  The reference beam net intensity |E, l2 is 4 times the intensity of either one

of the reference reflections (A) or (B) taken alone, which means that the beamsplitter

reflectivities R,, R, nced not be very high to achieve good fringe contrast. Defining

the fringe contrast as

o 11, as)

T +dy o

maximum fringe contrast ¥ =1 is achieved for 7, =/, . Using Equations (10) and

(11), the maximum contrast can be achieved when

leTZZI?EERM = 41127;2T52R2R3R4 (16)

which simplifies to
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of a large object 120, a large collimator 114 may need to be used to provide a sufficiently large light
field. Large format, high quality collimators can be expensive. In the example shown in FIG. 14, by
using a large format field lens 300, which can be considerably cheaper than a large format collimator
114, significa¥® ébEYs#%TRgs can be achieved in manufacturing the interfe®Smates3883986100] The
interferometers shown in FIGS. 4, 10, and 11 can also be modified to use a field lens instead of a
collimator. 1001011 The interferometers described above can be used to measure the properties of
many types of object surfaces, for example, disk flatness and disk waviness of glass disks used in
hard disk drives. The gf&ss-digk Rad front and rear reflecting surfaces. The intéferometers described
above use light sources that have low spatial coherence such that a reflection from the rear reflecting
surface will have negligible contribution to the interference pattern generated from the interference
between the measurement light reflected from the front disk surface and the reference light reflected
from the referepe@gurface; hﬁzdﬁﬁer&m{p&teés HaREso bﬂ)%eedbwmgeasumfm@aﬁﬂ@ypew(of disk

media surfaces. 10010210ther aspe and ad ges.are w he sco the
invention. For &é?ﬁ%?g ok Fécnfeg% %?ﬁl emm E}/a ande I {%O§g§ The mount

‘be pro o] éuppo esct W%Jject
can be adjustahie, hdig dmhétguned)ﬁmrgssttn@dﬁhea%treﬁmﬁ@%]ofdeﬁmelam mptical path length for
the measurement beam 128 that is substantially equal to an optical path length for the reference beam
126. The orientation o th% wedged reference element 210 of FIG. 2 can be flipped such that the PR
surface 220 faces the Interferometer beamsplitter 212. The orientation of the reference element 192 of
FIG. 8 and reference &leméht 226 of FIG. 9 can be flipped such that the PR surface of the reference
element faces the intefferdineter beamsplitter. The configuration of the reference element and
interferometer beamspljtteryin the interferometer sub-assembly 140 in FIG. 4 and the interference
objective 174 of FIG. 7 can be replaced by other configurations, such as those shown in FIGS. 8, 9,
10, 11, 12A, 128, andL3..hhe-dilt angles of the reference element and the interferometer beamsplitter
can be different from those described above. The patrtially reflective surfaces of the reference element
and the interferomete&lt{)eag] sp tt r,gan pe formed at respective internal mterf@i@?s within the optical
elements, and do not netessarily’ have to be at the outer surfaces as shown in FIGS. 1-4 and 7-14.
What is claimed is: 1. An optical assembly for use in an interferometer, the optical assembly

comprising: . . o :
P g which has the solution R, =12.4%. Higher reflectivity objects may benefit from a

higher beamsplitter reflectivity. For exampie, a beamsplitter reflectivity of

R, = R, =28% provides maximum contrast for an object reflectivity of 30%.

[0095] In the calculations above, it has been assumed that there are no other
reflections reaching the instrument imaging system other than the measurement beam
and the two reference beams A and B. Similar to the examples shown in FIGS. 10
and 11, the reference element 252 and the beamsplitter 272 in the optical assembly
270 can be tilted to reduce or eliminate unwanted reflections and to result m parallel

input and output beams.

{0096] Referring to FIG. 13, in some implementations, an optical assembly 220
includes a plane-parallel beamsplitter 272 that is tilted by an angle o, and the
reference element 252 that is tilted by an angle approximately equal to 2¢.. In this
example, unwanted single-surface reflections from surfaces R3 and R4 are not

returned parallel to the output beam paths.
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first and second partially reflective surfaces positioned along an optical axis and oriented at different
non-normal angles to the optical axis, wherein the second partially reflective surface is configured to:

i) receive light transmitted through the first partially reflective surface along the optical path;

transmit a porioH BY @ Teceived light to a test object to define measurem&nt/ iRt FypHaS
interferometer; and iii) reflect another portion of the received light back towards the first partially
reflective surface to define reference light for the interferometer, wherein the reference light makes at
least one round trip path between the second and first partially reflective surfaces. 2. The optical
assembly of cl&@#PT] whéfeire teenaion-soumualcadedds vadbenthurfefehed lightedipass between the first

and second pagfially refiective, suriaces. akiearans ime hgfarihe sarendpartialxsefiective surface

reflects the reference light back along the ogtical axis. 3. The optical assembly of claim 2, wherein
the non-normataingiedcerae therataiertB igHiqg Beitar: BrE ot Reaparsaily Fentetiesurfaces at

normal incidenge gifsing: 00 @fthaDasses hareskeweeRve the 4othe pRIGEIABSERBIY-@kClaim 1,
wherein the non-normal an%Ie for the first partjallﬁ_ll;eflective surface is%vo times the non-normal angle

for the second PAFHEIRPFEMALR/ESHFEEation ooy SRR A SMBRAGFUEHT S wherein the
non-normal anglerfasthenfivshpaitialiy lefiegtivensuiface ihoneagndral balhtimesthendistmbrmal angle

for the second t|?ar iaI.IIy reflective surfa&e. \Af 20%.0 48277PCT/l€{S%010/03 3525 ._ 6. The optical
1o desired mtericrence paticen, siete ect Can be 3 reduclion 1?1‘6&]&' ﬁlréﬁ% :
assembly of claim™1; Wihierem the setond partially reflective surtace IS configured to combine the

measurement kghtyaftey,the creasimgiignt light reflects from the test object back to the second
partially reflective surface, with the reference light, after the reference light makes the at least one

round trip betwggaghe secendand finst partialbsreflRGive: sWeaeRs an nterferometer 300 is
provided by modifying the interferometer 100 to use a field lens 302 outside of the
imaging path, instead of using the collimator 114. The object 120 is imaged directly
to the camera 108 without having a collimator in this critical path. The field lens 302
may, for example, be positioned between the light source 110 and the illumination
beamsplitter 112. Because the ficld lens 302 does not take part in the imaging of the
object 120 and the reference element 104, the field lens 302 need not be of the same
quality as the collimator 114, while stil] allowing the interferometer 300 to obtain
accurate measurements, The field tens 210 may be, for example, a diffractive or

Fresnel lens.

{0699] In the example shown in FIG. 1, in order to measure the surface properties
of a large object 120, a large collimator 114 may need to be used to provide a
sufficiently large light field. Large format, high quality collimators can be expensive.
In the exampic shown in FIG. 14, by using a large format field fens 300, which can be
considerably cheaper than a large format collimator 114, significant cost savings can

be achicved in manufacturing the interferometer 300.

[06106] The interferometers shown in FIGS. 4, 10, and 11 can also be modified to

" use a field lens instead of a collimator.

[08101] The interferometers described above can be used to measure the propertics
of many types of object surfaces, for example, disk flatness and disk waviness of

glass disks used in hard disk drives. The glass disk has front and rear reflecting
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7. The optical assembly of claim 1, comprising a first optical element having the first partially reflective
surface; and a second optical element having the second partially reflective surface. 8The optical
assembly of claim 7, wherein the first and second optical elements each has another surface having
an anti-refle3HOr7064H8]7 9. The optical assembly of claim 7, whereint&HPSHAATAHY reflective
surface is spaced away from the second patrtially reflective surface at a distance that is greater than a
depth of focus of an imaging module that captures an interference pattern between the reference light
and the measurement light. 10. The optical assembly of claim 9, wherein optical elements of the
interferometer ardpositidnedstohtivatthi refbrdrite tighiedads smtpasbahiavigieglazsialithin the

depth of focus ofenagig momecion frorl UR.QELISRERSSRTIDMAL it HhBIEIR N first optical

element has another surface having an anti-reflection coating. 12.The optical assembly of claim 11,
wherein the firsepiloticlénibaitcOrORESAGER SraetHedirap Sy Terdst R ARtk faces towards

the second partially reflectivigrsysiace-afthe secand: optical-elementirrRndrtheantipigflection coating of
the first optical clement faces away from the second patrtially reflective surface. , WO

2010/148277PETAISSFIOIOR0ISE rce Taghe HIFEUFAEOMAE S LM CE 2 Hhier B S tistance
between the firstrparipdyordigetiveisuriaeand the second partially reflective surface is greater than a
depth of focus of an imaging module for capturing an interference pattern between the reference light

and the measuf@tﬁ'@ﬂt ﬂg@{her aspects, features, and advantages are within the scope of the

invention. For example, in FIG. 1, a mount can be provided to support the test object
102. The mount can be adjustable, and is configured to position the test object 102 to
define an optical path length for the measurement beam 128 that is substantially equal
to an optical path length for the reference beam 126. The orientation of the wedged
reference element 210 of FIG. 2 can be flipped such that the PR surface 220 faces the
interferometer beamsplitter 212, The erientation of the reference element 192 of FIG.
8 and reference element 226 of FIG. 9 can be flipped such that the PR surface of the
reference element faces the interferometer beamsplitter. The configuration of the
reference element and interferometer beamsplitter in the interferometer sub-assembly
140 in FIG. 4 and the interference objective 174 of F1G. 7 can be replaced by other
configurations, such as those shown in FIGS. 8, 9, 10, 11, 124, 12B, and 13, The tilt
angles of the reference element and the interferometer beamsplitter can be different
from those described above. The partially reflective surfaces of the reference clement
and the interferometer beamsplitter can be formed at respective internal interfaces
within the optical elements, and do not necessarily have to be at the outer surfaces as

shown in FIGS. 1-4 and 7-14.
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14. The optical assembly of claim 13, further comprising a dispersion compensator positioned between
the first optical element and the second optical element to compensate for a phase difference between
the measurement light and the reference light, the dispersion compensator being positioned closer to
the third optiB4} 20é#rié#7and outside of the depth of focus of the imaging KfstEM2P 19038 E5The optical
assembly of claim 11, wherein the first optical element is oriented such that the first partially reflective
surface faces away from the second patrtially reflective surface of the second optical element, and the
anti-reflection coating of the first optical element faces towards the second partially reflective surface.
16. The opticalVdbsemblyit€liaim 1, further comprising a third partially reflective surface. 17. The
optical assembly of claim 16, wherein the third partially reflective surface is configured to: i) receive
light transmitted through fHechiehartrmyydfte eavd s faks BIeng thd Bt 4t ransmit a portion
of the receiggg“:jgmlp the test object to define the measurement light; and iii) reflect another portion
of the received light back towards the first partially reflective surface to define a second (Eeference light
for the interferomelat: {ReRSRT tH LS RFarSFEE 1GHRI ARBE A PESA HE FBLHE A path between
the second anhfisshpamiatyrefiestive sudace so WQRRADI#8277PCT/US2010/039125 18. The
optical assembly %%%I/aim 7, wherejn the artigle! treflec}&ive surfat}g% are on outer surfaces of the optical

. the ge arpally re 1ve surface.1s comf . .
elements respectively©™ 19 §PRE BBHRAY A5SEmbiy o claim . wherein the partially reflec e surfaces

are formed at resp@ctivasntermatinteriaobiwithinttedivptiesiBleméatsive surface along the
optical path;
i) transmit a portion of the received light to a test object to define measurement
light for the interferometer; and
i1} reflect another portion of the received light back towards the first partially
reflective surface to define reference light for the interferometer, wherein the reference
light makes at least one round trip path between the second and first partially reflective

surfaces.

2. The optical assembly of claim 1, wherein the non-normal angles cause the
reference light to pass between the first and second partially reflective surfaces at least
one time before the second partially reflective surface reflects the reference light back

along the optical axis.

3. The optical assembly of claim 2, wherein the non-normal angles cause the
reference light to contact one of the partially reflective surfaces at normal incidence

during one of the passes there between.

4. The optical assembly of claim I, wherein the non-normal angle for the
first partially reflective surface is two times the non-normal angle for the second partially

reflective surface,

5. The optical assembly of claim 1, wherein the non-normal angle for the
first partiatly reflective surface is one and a half times the non-normal angle for the

second partially reflective surface.
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20. The optical assembly of claim I, further comprising a collimator to receive light from a light source
and project collimated Light to the first partially reflective surface. 21. The optical assembly of
claim I. further comprising a field lens to receive light from a light source and project the light to the first
partially reflS¥@EEUHEZE, the field tens being positioned outside of an im&§HY A PalEled by the
reference light after the reference light is reflected by the first partially reflective surface and before the
reference light is detected by a detector. 22. The optical assembly of claim 1, wherein the first
partially reflective surface has a reflectivity in the range of about 10% to about 30%. 23. The
optical assembly of claim I, wherein second partially reflective surface has a reflectivity in the range of

about 40% to aboyt 60%rgp¢ o ARIMEHESPRIGHYISYIIE CAIDRIYIAG L e.apticatassembly of claim
1; and an interferometer base comprising a light source and a detector; wherein the light source is

configured t3T5rERILCE BB G o SPRETR S8 RIBUYFF TR b 811 peneiive i i&8tand received by
the second paiially-seflgetive: SUrfacBadnd e sbeigithedeRaiordseonfiguredie receive combined
light comprising the measurement I]jght and the reference li ht and rogide iQformatiﬁn about a spatial
distribution SEEFRR S hebinaef G reference tight makes the at l¢ast one round trip between the

second and first partially reflective surfaces.

7. The optical assembly of claim 1, comprising a first optical element having
the first partially reflective surface; and a second optical element having the second

partially reflective surface.

8. The optical assembly of claim 7, wherein the first and second optical

elements each has another surface having an anti-reflection coating.

9. The optical assembly of claim 7, wherein the first partially reflective
surface is spaced away from the second partially reflective surface at a distance that is
greater than a depth of focus of an imaging module that captures an interference pattern

between the reference light and the measurement light.

10.  The optical assembly of claim 9, wherein optical elements of the
interferometer are positioned such that the reference light does not pass through glass

within the depth of focus of the imaging module.

t1.  The optical agsembly of claim 7, wherein the first optical element has

another surface having an anti-reflection coating.

12.  The optical assembly of claim 11, wherein the first optical clement 1s
oriented such that the first partially reflective surface faces towards the second partially
reflective surface of the second optical element, and the anti-reflection coating of the first

optical element faces away from the second partially reflective surface.
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WO 2010/148277PCT/US2010/039125 25. The interferometry system of claim 24, wherein the
interferometer base further comprises an aperture stop positioned to block light from the interferometer
base that contacts the first partially reflective surface along the optical axis and reflects from the first
partially refl@¢VE 1838 back to the interferometer base. 26. The ifteH&BHEMRYE5tem of claim
24, wherein the interferometer base further comprises an aperture stop positioned to block light from
the interferometer base that contacts the first partially reflective surface along the optical axis arid
reflects from the first partially reflective surface back to the interferometer base. 27. The

interferometry systdm ofidiainnta] fsstveblzeigrisinbEavrheis fobsuppobafteidiastdbject. 28.
The interfetometry system.of ¢laim 24 s ersinithe-moeuntis prsitioned to define @maptical path length

for the measurement light that is substantially equal to an optical path length for the reference tight.
29. The inteffeitorh sy spSranaTans Mol §rHer BB ASIHY EPRASISHATE DSFIE MY the optical

path length difference hetivesn thameaswament light and the reference light. 30. The
interferometry system of claim 29, wherein the phase shifter mechanically couples the interferometer

base to the optical gssem%ly a{ld s confi uref %tro va}% Egieﬂgiisg%%?eﬂsbiet%ﬁg ter}% cg)rftical assembly and
the test object to Vdry the Sptif é‘ﬁrsi%]r%fﬁ Sith miedsurdment ight “Théa Thiteiterometry system of
claim 24, whergimhesausiderisdabbreacbardisovreefoeipromiding lbnscohdrepeetinierferometry
measurem Q tcsdmpensate for a phase difference between the measurement light and the reference

light, the dispersion compensator being positioned closer to the third optical element and

outside of the depth of focus of the imaging systeil.

15.  The optical assembly of claim 11, wherein the first optical element 18
oriented such that the first partially reflective surface faces away from the second
partially reflective surface of the second optical element, and the anti-reflection coating

of the first optical element faces towards the second partially reflective surface.

16.  The optical assembly of ¢laim 1, further comprising a third partially

reflective surface.

17.  The optical assembly of claim 16, wherein the third partially reflective
surface is configured to:

i} receive light transmitted through the first partially reflective surface along the
optical path;

ii) transmit a portion of the received light to the test object to define the
measurement light; and
jit) reflect another portion of the received light back towards the first partially reflective
surface to define a second reference light for the interferometer, wherein the second
reference light makes at least one round trip path between the second and first partiallty

reflective surfaces.
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WO 20101148277PCT/US2010/039125 32. The interferometry system of claim 24, wherein the
source is a narrow-band laser source. 33. The intcrferometry system of claim 24, wherein the
source is adjustable between a broadband mode for low-coherence interferometry and a laser mode
for high-coh&yéridadiint8iférometry. 34. The interferometry system of cRHEBIREPEIA the source
is a laser diode that operates in the broadband mode when driven at a current below its laser threshold
and operates in the laser mode when driven at a current above its laser threshold. 35The optical
assembly of claim 1 in which the first partially reflective surface comprises a non-planar surface.

36. An interferomeétty methoswormiprsimghly gosditioningirstianet secorty pefitetiyerafiéetive surfaces
along an opg}g%nagﬂ§ér%ﬂ%g&gomgefi5§{];gﬂ%@g&g&@&j‘ Eté@l{;é}r}e_ﬂective surfaces at different non-normal

angles relative to the optical axis; transmitting light through the first partially reflective surface
along a direction parallel to the optical axis to the second partially reflective surface; at the second

partially reflective §9|_rfacq_;hg%g@'qtgg@ﬁgigmgﬂgm,%H&%;mﬁktga@igﬁsj Rpjesttodeting measurement
Light, and reflecting a second portion of the light back towards the first partially reflective surface to

define refer¥iidE et 2aFAPCct VA IR SRS YRR B HE X PERECting a portion of the second
portion of the light towards the second partially reflective surface such that the reference light makes at
least one round trig path petween e, SSERNSH AR MSHRARAY FeNRctye SHTRSER o recoive

light from a light source and project collimated light to the first partially reflective

surface,

21.  The optical assembly of claim 1, further comprising a field lens to receive
light from a light source and project the light to the first partially reflective surface, the
field lens being positioned outside of an imaging path traveled by the reference light after
the reference light is reflected by the first partially reflective surface and before the

reference light is detected by a detector.

22, The optical assembly of claim 1, wherein the first partially reflective

surface has a reflectivity in the range of about 10% to about 30%.

23, The optical assembly of claim 1, wherein second partially reflective

surface has a reflectivity in the range of about 40% to about 60%.

24.  An interferometry system comprising:

the optical assembly of claim ; and

an inferferometer base comprising a light source and a detector;

wherein the light source is configured to produce the light transmitted through the
first partially reflective surface and received by the second partially reflective surface,
and

wherein the detector is configured to receive combined light comprising the
measurement light and the reference light and provide information about a spatial

distribution of the combined light.
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37. The method of claim 36, wherein orienting the first and second partially reflective surfaces
comprises orienting the first and second partially reflective surfaces at different non-normal angles to
cause the reference light to pass between the first and second partially reflective surfaces at least one
time before #i€ 2&¢GHEPartially reflective surface reflects the reference ligithae#é#d %he optical
axis. 38. The method of claim 36, wherein orienting the first and second partially reflective
surfaces comprises orienting the first and second partially reflective surfaces at different non-normal
angles to cause the reference light to contact one of the partially reflective surfaces at normal
incidence during one of the passes there between. 39. The method of claim 36, comprising, at the

second partially reflectivg surface. comining.the measuremant ightafieritsiiasis e the test

object back to the second partially reflective surface, with the reference ti ht’r‘ after it makes the at least
one round triptivetoRsaitee BoowRdEPRR PArRatyOrBirskivens firar s, INterigmelE Fgthod of claim

39, comprising prQuidingdrirmatianakeut @ spatial distibutionpfdhe combinattlighiom  41. The
method of claim 36, comprising providing an aperﬁjure st\gg to bloc llq%ht that is reflected from the first

partially reff8ets! QLR v H HirecHBiRaWRY frionT e SL BRI ARATy reflective surface. 42. The

method of claim 36, comprising positioning a test object having a reflective surface to define an optical

path length for the measyrement light that is substantially,equal to an optical path Jength for the
reference light. 22;13. #n Fﬁ%ﬁ%%‘%%?u al Stﬁrﬁl,ec%ocr%gﬁz%’g%%?ﬁﬁ?t%%—:-1%86%(1‘:(5 égth ength difference

between théunieasuremisnt lighpanddhepefergnoedightlock ligiat, frive thethiotf BpEeinh 8¢ comprising
varying the gistange:DeMasl Al oRlicalAssemblyand Kig \asl ghieqtiavan g.apticahpath length for
ical ass

the measurement tight, the optic; embly comprising the first and second partially reflective
surfaces. WO PO10#1#8R PG THg S26a0/bEgipshe interferometer base.

27.  The interferometry system of claim 24, further comprising a mount for

supporting the test object.

28.  The interferometry system of claim 27, wherein the mount is positioned to
define an optical path length for the measurement light that is substantially equal to an

optical path length for the reference light.

29.  The interferometry system of claim 24, further comprising a phase shifter
for varying the optical path length difference between the measurement light and the

reference light.

30.  The interferometry system of claim 29, wherein the phase shifter
mechanically couples the interferometer base to the optical assembly and is configured to
vary the distance between the optical assembly and the test object to vary the optical path

iength for the measurcment light.

31. The interferometry system of claim 24, wherein the source is a broadband

source for providing low-coherence interferometry measurements.
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45. The method of claim 36, further comprising orienting an optical element having the first partially
reflective surface at an outer surface of the optical element such that the outer surface of the optical
element having the first partially reflective surface faces towards the second partially reflective surface.
46. The methe@ Bfielaisa’36, comprising transmitting the reference light frof& THéstit st/ ggigally reflective
surface to the second partially reflective surface without passing any glass element. 47The method of
claim 36, comprising positioning the second partially reflective surface at a distance away from the first
partially reflective surface, the distance being greater than a depth of focus of an imaging module that
detects an interferéhce pétermdéweenthe smeastckimeit lightandtheceferencedight- 48. The
method of c{)%inrﬁ ,%érci%rgi}ggsing passing the reference light through a dispersion compensator that
compensates a difference in phase between the measurement light and the reference light due to
differences in optical path lengths traveled by the reference light and the measurement light, and

positioning thc dispgrsionrcompensgianquiside ofihe depihafdocus .ot theimagingmedule.  49.

The method of claim 36, further comprising: positioning a third reflective surface along the optical axis;
orienting th&@thieFpARIARGIEHERNdE Kirkarertd Besaralfsian i 8 sadrid partanderéndesle surface;

at the third partiadhesefigetiversstriace, transmitting a third portion of the light transmitted by the first
partially reflective surface to the test object to define the measurement light, and reflecting a fourth
portion of the light back towards the first partially reflective surface to define a second reference light;
and at the first partialheaflectiversufacesicafleCtingna postiencof thestaucthipoition dibthe light

towards the second.pariall 1E1esve Surlace sych et e sesarvl ferenge gL mpes at least one

at opera ]
ﬁ bggween he seconcfangl?irst partia fy reflective surfaces.
and operates in the laser mode when driven at a current above its laser threshold.

35.  The optical assembly of claim 1 in which the first partially reflective

surface comprises a non-planar surface.

36.  Aninterferometry method comprising:

positioning first and second partially reflective surfaces along an optical axis;

orienting the first and second partially reflective surfaces at different non-normal
angles relative to the optical axis;

transmitting light through the first partially reflective surface along a direction
parallel to the optical axis to the sccond partially reflective surface;

at the second partially reflective surface, transmitting a first portion of the light to
a test object to define measurement light, and reflecting a second portion of the light back
towards the first partially reflective surface to define reference light; and

at the first partially reflective surface, reflecting a portion of the second portion of
the light towards the second partially reflective surface such that the reference light
makes at least one round trip path between the second and first partially reflective

surfaces.

37.  The method of claim 36, wherein orienting the first and second partiatly
reflective surfaces comprises orienting the first and second partially reflective surfaces at

different non-normal angles to cause the reference light to pass between the first and



WO 2010/148277PCT/US2010/039125 50. The method of claim 36 in which transmitting light
through the first partially reflective surface comprises transmitting collimated light through the first
partially reflective surface. 51. The method of claim 36, further comprising transmitting the tight
through a fieWdengpres’io transmitting the light through the first partially REFEEH18GHEER, and
positioning the field lens outside of an imaging path traveled by the reference light after the reference

light is reflected by the first partially reflective surface and before the reference light is detected by a
detector.

second partially reflective surfaces at least one time before the second partially reflective

surface reflects the reference light back along the optical axis.

38.  The method of claim 36, wherein orienting the first and second partially
reflective surfaces comprises orienting the first and second partially reflective surfaces at
different non-normal angles to cause the reference light to contact one of the partially

reflective surfaces at normal incidence during one of the passes there between.

39.  The method of claim 36, comprising, at the second partially reflective
surface, combining the measurement light, after it reflects from the test object back to the
second partially reflective surface, with the reference light, after it makes the at least one

round trip between the second and first partially reflective surfaces.

40.  The method of claim 39, comprising providing information about a spatial

distribution of the combined light.

41.  The method of claim 36, comprising providing an aperture stop to block
light that is reflected from the first partially reflective surface in a direction away from

the second partially reflective surface.

42.  The method of claim 36, comprising positioning a test object having a
reflective surface to define an optical path length for the measurement light that is

substantially equal to an optical path length for the reference light.

43, The method of claim 42, comprising varying the optical path fength

difference between the measurement light and the reference light.
44,  The method of claim 43, comprising varying the distance between an

optical assembly and the test object to vary the optical path length for the measurement

light, the optical assembly comprising the first and second partially reflective surfaces.
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45, 'The method of claim 36, further comprising orienting an optical element
having the first partially reflective surface at an outer surface of the optical element such
that the outer surface of the optical element having the first partially reflective surface

faces towards the second partially reflective surface.

46.  The method of claim 36, comprising transmitting the reference light from
the first partially reflective surface to the second partially reflective surface without

passing any glass element.

47.  The method of claim 36, comprising positioning the second partially
reflective surface at a distance away from the first partially reflective surface, the distance
being greater than a depth of focus of an imaging module that detects an interference

pattern between the measurement light and the reference light.

48,  The method of claim 47, comprising passing the reference light through a
dispersion compensator that compensates a difference in phase between the measurement
light and the reference light due to differences in optical path lengths traveled by the
reference light and the measurement light, and positioning the dispersion compensator

outside of the depth of focus of the imaging module.

49, The method of claim 36, further comprising:

positioning a third reflective surface along the optical axis;

orienting the third partially reflective surface to be parallel to the second partially
reflective surface;

at the third partially reflective surface, transmitting a third portion of the light
transmitted by the first partially reflective surface to the test object to define the
measurement light, and reflecting a fourth portion of the light back towards the first
partially reflective surface to define a second reference light; and

at the first partially reflective surface, reflecting a portion of the fourth portion of
the light towards the second partially reflective surface such that the second reference
light makes at least one round trip path between the second and first partially reflective

surfaces.
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50.  The method of claim 36 in which transmitting light through the first
partially refiective surface comprises transmitting coliimated light through the first

partially reflective surface.

3].  The method of claim 36, further comprising transmitting the light through
2 ficld lens prior to transmitting the light through the first partially reflective surface, and
positioning the ficld lens outside of an imaging path traveled by the reference light after
the reference light is reflected by the first pariially reflective surface and before the

reference light is detected by a detector.
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