OPTI M ZI NG USE AND PERFORMANCE OF OPTI CAL SYSTEMS

| MPLEVMENTED W TH TELECENTRI C ON- AXI S DARK FI ELD

| LLUM NATI ON Rel at ed Application [0001] This
application clains the benefit under 35 U . S.C. 119 (e)
of U S. Provisional Application No. 60/697,904, filed
Jul. 8, 2005, which is hereby incorporated by
reference herein in its entirety. Technical Field
[0002] This disclosure relates to inmaging optics and
asOPTIVIIZING USENANDL PERFORMANCE IOF ORTICAL SYSTEMS

o IPLEMENTED T TRIECERIR, ORTARRS BAHK FiELPon,
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sem conductor products that are predom nantly planar
and specular (flat and shiny). It is frequently
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products are semiconductor wafers that may be provided with indicia that

indicate, among other things, wafer number and manufacturer. These
indicia are defects in the surface of the wafer and are typically a matrix of
laser etched pits. These indicia are known in the art as “soft marks.” These
marks are imaged to read the codes at various steps along the
manufacturing process.

[0004] After the semiconductor wafers have been singulated (generally
cut by saw and/or laser into individual rectangular devices), it may be
necessary or desirable to inspect the edges for small chips and cracks that
may propagate over time and cause premature device failure. These
inspection processes are automated and use electronic imaging cameras in
combination with digital electronic computers that are programmed to

perform the necessary inspections, measurements and identifications.
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[0005] Dark field lighting, in general, is a technique
wel | known to those skilled in the art and is
particularly useful to inspect defects on specul ar
objects. The definition of dark field lighting is
dependent upon the properties of the illumnation
source, its position relative to both the object and
the observer, or canmera, and on the properties of the
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ts and re variously configured to be "high
Sﬁ'ﬁﬁ% tog?e V‘FW%‘E " [0008] In inmaging certain
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determine the range of angles over which the illumination is incident upon
the object. Such lights are known to those skilled in the art as ring lights and
are variously configured to be “high angle” or “low angle.”

[0008] In imaging certain objects, it is desirable to highlight very minor
features in a surface which is otherwise substantially planar and specular.
These include soft marks and the edges of singulated devices. To achieve

this, it is necessary to bring the illumination source as nearly on-axis with the
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2 imagi ng system as possi bl e w thout causing the

illumnation source to be directly reflected into the

i magi ng system (e.g., selecting a narrow angle). An

effective way to achieve this, as currently known, is

with the aid of baffles and providing a particul ar

al i gnnent between the illum nation source, the

object, the baffles, and the imagi ng system [0009] In

lmb@ng&w’sgesmoés paskibie witheiub casigisigeting iilumimaﬁcm source to be
a desi gner

c t D) t
59%‘51 fof 1o ‘§1 Mi@ [SyStemde G ReleGHRS BoharRY gpgle)
/\ﬁ%ﬁ&cﬁ% toFQéh.@J@{mé eas éJrréhtlfﬁ&ﬁ)vﬂP% Wﬁﬁhéamd Baffles

arge, a limting resolution o e systemw |
agenenosiding lze paitightar alighniénd betsteem thid lllunypatioraisoyrdse the

r fficient. nore efficjent system demands | ess
Ogjléﬁg tﬁ Wﬁ!ﬁs gnd4 ?H“?Q'GQSXﬁ{q%ge sensor, and the
cogg em Iﬁetﬁérkﬂ’ésléﬁ%ﬁ rha&ihe fVigloh afystdrhs l#ﬁdn@bfé?ﬂdentmcatlon
system |If the Tllumnation system demands |ess |ight,

(IDg systemsrendesigne (gc@ dsystemspigineerh gengrally snakesa @umber

tg%gpﬁf‘?@ng?o,@:s%? i rdgéarpﬁ\%gafhg égﬁ%%%gﬂglg% i made large, a

I|mhlr@0ﬁdsbmtloﬂfof&ﬁb|33jste?ﬂ Wil ieRetallyalsk iy Heg ar{cmhboéystem will

Conversely, if the systemaperture is made small, the
genenally bg mp&@ﬂ'@teinénAdﬂOE%@ isipnt systes demapds lesspaansitivity

OPQSH AbhPAS lﬁ{a r%%?d ﬁf@g&erﬁ) lbSs hght from an

Ccreased, r Si gnl ema\ngi 'S made

|||unﬁ|g@t|orssyst@|mforf B‘enﬁiumlnaﬁqn aydtem @anandanelssa light,yless

nific emand i s Iaced on. the IIu n
57'%(‘ st aﬁ?‘gxﬂf‘d@ RMe't §HFPFP'¥I§Y>$ eBrang jef% e%ewaﬁ@@paiﬁd

t
s et
otmlewhgatoﬂmampaohagmghl n a conpact package [ 0011]
t of fer 1D di t , -
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Oreg., the assignee of this patent application (elqg.
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S4B o, SR 85 ity A B pces o

thHepllisatiopySjsterm ol grovideVdubstdrdially sharecightamemangépoh the
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illumination system place demands upon the power supply system and
thereby exacerbate problems of thermal dissipation within a compact
package.

[0011] Heretofore, commercial wafer ID reading systems, including
previous generations manufactured by Electro Scientific Industries, Inc. of
Portland, Oreg., the assignee of this patent application (e.g., ScribeView™
Models 1 through 5P) and others within the industry (e.g., Cognex Corp. of
Natick, Mass., and Kowa Co., LTD. of Tokyo, Japan) have employed optical
systems with a working distance range (depth of focus in object space) of
approximately 21 mm or less. Although such systems are workable, they
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approximately 1 mmor |ess. Although such systens are
wor kabl e, they 30 require a user to nmake adjustnents

to the focus position of the lens and/or an

adjustnment to the position of the wafer ID reader to
account for even mnor changes to the working

di stance. The worki ng di stance nmay change, for

exanple, if the thickness of the object changes, or if
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intervention to either adjust the process to re-achieve the previous working
distance or to adjust the focus of the wafer ID system, for example, by
turning a lens-focus barrel or turning a focus-adjustment screw. It would be
preferable if minor process variations that resulted in changes in the working
distance by just a few millimeters could be accommodated by the wafer ID
system with no user intervention.

Summary of the Disclosure

[0014] The embodiments disclosed herein provide systems and methods

for imaging a planar specular object such as a semiconductor wafer. In one

embodiment, an imaging system for imaging a defect on a planar specular
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for imging a planar specul ar object such as a

sem conductor wafer. In one enbodinent, an inmging
system for inmaging a defect on a planar specular 40
object includes a telecentric |ens having a

sufficiently aspherical surface such that the

tel ecentric lens is substantially corrected for an
optical aberration. The imagi ng system al so i ncl udes
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SYFh | Bat 4 raom@en itrightensef§ substar eqeflefar gg optical
aBéﬁ?tlé rq’H@hm‘agﬁgaf’@téMrﬁso ﬁlﬁudéé@%l@geﬁt)féts%ﬁ HcRRiing an

I'ncludes a sec ens group having a system sto
apeduts iheeeinde thieeknlight eefletted dramithe ptanar speculae ogmb mdhile

@%w'mcltg?ﬁ BBRORH O et Siaon 6 2e8s drdime Bt ' fhe
nf Sd\REAAt 4156 |h@l08es [DQgebnd NeRd Yréudp MHAVIFRN b, syitem stop

te ecentric on-axis darkfleld(TOA I'i ghtin evi ce
positioned oetweien sthec telecgniric :stopyarst the | sgaongt less group, the

SSRHE TP B Pl BmpERRGHY b G Baration

indeperdeht fthé heleeentrienemsi nt . The TOAD | i ghting deVI ce
al so includes a second circular array of illum nat

[@Héacednameaw@badm@eattel&peptrw qraxisaskiigld {6OAY lighting
d&GRL ?r'icl!g&’é Jlr;ﬂ,q; e)‘f bf ﬁML’fﬁﬁat"er{ ?gur‘césla‘?f“aeﬂg%g Rbially

a sécon center
wﬁh‘a@é eetnto atd‘mwtelepom r'Bog digsti arcdlarngleay tibdocated at a first

IS b SOl e SRR ERL . 8 TP
% cnjcl.@ﬁt éif_ OI@f"ll |be|8n %&J%Eé%aéﬁé éd/ t§ﬁ§§r§/ﬂa§§/ with

t1ng device has a plural
respectto theccariterupmmht Tbe sesond\circul@n armaytis detated lalidesscond

rq?%%ti gvg%gggerp@?énl E@Jq‘iﬁ] Cgrp be r\"r\{e ﬁ{‘ {hgﬁggé%l) radius is
|o¢|géﬁﬂ{drpﬂhelm§ﬂ fadii. area of intense br| ghtness is
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sUrfdde. | TEBITOADARYHIRG dévicd has ebprealitplofitententait illumination
opposite direction as conPared to the first direction

agiays.| Theemgthed giclydgsepdipisting an angle of incidence between the
TOAD lighting device and an object plane in a first direction until an area of

intense brightness is substantially removed from a first side of an image of
the specular surface, and recording the adjusted angle of incidence as a first
measurement. The method also includes adjusting the angle of incidence
between the TOAD lighting device and the object plane in an opposite
direction as compared to the first direction until the area of intense
brightness is substantially removed from a second side of the image of the
specular surface, and recording the readjusted angle of incidence as a
second measurement. The method further includes determining an aligned
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brightness is substantially renoved froma second side
of the imge of the specular surface, and recording

the readjusted angle of incidence as a second
nmeasurenent. The nmet hod further includes determ ning

an aligned 50 angle of incidence for the first
direction as an approximte difference between the
first neasurenent and the second neasurenent. [0017]
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[ 0022] cri agram of a conventi onal
nt I Fé?i’l‘”b
[OBAOE AFIEI A0 i 2t PACEAY pift °“§! AR SRS AR of an
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rocess tor arranging a high density illumnation
[Oaaﬂhy &lGor 2i iy a oschematibodiageam. of a conventional annular

illumination array including a plurality of illumination sources 210.
[0022] FIG. 3 is a schematic diagram of a conventional arrangement of
the annular illumination array shown in FIG. 2 concentrically located with
three other annular illumination arrays.
[0023] FIG. 4 is a schematic diagram of a plurality of concentrically
located illumination arrays arranged according to one embodiment.
[0024] FIG. 5 is a flowchart illustrating a process for arranging a high
density illumination array according to one embodiment.
[0025] FIG. 6 is a flowchart illustrating a process for aligning telecentric
on-axis darkfield (TOAD) lighting arrays according to one embodiment.
[0026] FIGS. 7A and 7B illustrate photbgraphs of a mirror captured on a
reader unit according to one embodiment.
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[0025] FIG 6 is a flowhart illustrating a process
for aligning telecentric on-axis darkfield (TQAD)
lighting arrays according to one enbodi nent. [0026]
FIGS. 7A and 7B illustrate photographs of a mrror
captured on a reader unit according to one

enbodi nent. 6 Detail ed Description of Preferred
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Lgs of such objects include silicon wafers. The
deflects may include soft mark symbols on silicon
[(mgér s Bm,emb@u@ents degeniked theseinoutilizei g talegentric lens to

g8 Ao GEPL8 AN LAGR AR 16 RSon
Thisl ifgaMatios tteiqued paticalatipsuitedhéd highlightingatidoefeatures
or defects on planar specular objects. Specific examples of such objects
include silicon wafers. The defects may include soft mark symbols on silicon
wafers and/or edge irregularities on chip scale devices.

[0030] A light source provides annular cones of light rays toward a
telecentric lens. The telecentric lens redirects the light rays toward a
substantially planar and specular object such that the light rays are parallel
and normal to the object. A property of the planar specular object is to
reflect light at an angle complementary to the incident angle. Thus, in this
case, the light is reflected normal to the surface of the object. Upon
reflection, the light rays are referred to herein as image rays. The image
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substantially planar and specul ar object such that the
light rays are parallel and normal to the object. A
property of the planar specular object is to reflect
l'ight at an angle conplenentary to the incident angle.
Thus, in this case, the light is reflected normal to
the surface of the object. Upon reflection, the |light
rays are referred to herein as imge rays. The inage
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wafer I'D systemis described in U S. Pat.
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di stance range for a fixed
[0033] A wafer ID system is described in U.S.Pat. No. 6,870,949
(hereinafter, “the '949 patent”). Certain embodiments discussed herein
modify the ‘949 patent to include additional features that greatly expand
(e.g., by approximately ten times) the working distance range for a fixed
configuration without necessitating physical or optical adjustments and that
simplify changing the magnification of the system. For purposes of
discussion, FIGS. 3 and 5 of the '949 patent are shown and discussed as
FIGS. 1A and 1B herein, respectively.
[0034] FIG. 1A is a partially pictorial, partially sectional diagram of an
optical imaging system 100 for imaging a planar object 102. The planar
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configuration wthout necessitating physical or
optical adjustnents and that sinplify changing the
magni fi cation of the system For purposes of
di scussion, FIGS. 3 and 5 of the '949 patent are shown
and di scussed as FIGS. 1A and 1B herein,
respectively. [0034] FIG 1A is a partially pictorial,
partially sectional diagramof an optical inaging

objest emlmeyfcmmpmegi fog exapiplean siligacwaf@2thathie sm!leaubr in

naFer Siean felasanarnly oyl dRlEEsfive &5 a sty Barks (not
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I's known in the art, a soft mark is nmade up
laster atczheldl m&tarmwpmwldasae@rnalchéag@fdmg apartsudar siligon wafer

o R 9B, T BRE L erdb RRAEL S Pl o

sémfdordectrlevicdst t WHilk thée;sregémd@@bbsuﬁéew @@s‘crlb\éﬂl ih&erms
the present disclosure is described in terns

of rrsnastinggsilicon d’bﬁfeWafaé\ds Ianaartrphla;saﬂma@tmgasoftu "r‘i‘ﬁ@hﬁwg‘t is
uié&éllsc@f Ff? fhte érseseﬁf‘ 5&9% M‘fteqthgﬁ aﬁgﬁéae&ﬁty to, imaging

RSt qua app ica

oftlernplanabj @lﬁjésts FoFoexexapiple, \Mimn mm:con@lut:tblordewces are
devices are singulated, they may be |nspected

sigguiated.nda¥ rBay t Be ninspssidEscerdiag sio i egrBpRdingnts
dfR8edHerEhTor 0abreble oPti cal inaging system 100

s a pair of lens groups
[00358r r lthet optiead é@nagng systerar1Qf) shpwid 08 FAGd 14 includes a pair
{el ecentric

ERScouDs TelsTROeASTRRNSS gt 5 Orow A0G ik AUBIERBRITE freld
|ehge|' @ ' |ORé séaR:el S %waﬁlat@qéhgés ioracbotwfefﬁaéﬁs BEHM08 and

he rear lens group 108 and the tel eceniric
tefleaﬂrrunct tield lens 1dpds zii(hntum!; Epiies 0o ofi Baseingtan, NaJcdher rgar

el B OBt Rl ELA S 1T PRt 1008 Wifesat o

alddmem pnafa afhb ea1113 of tpldefécn@lich bBCA Wiithtark, ebawiliebe
coupl ed devi ce or a conplenmentary netal - oxide

d%%ﬁﬂb@ﬁn@uﬁite@ter( dmg@) belowe dbaseamerandds)is miefarably a cligital
e B8 i n B o e BRICCTECTooh SRS Ay et
oXible sedicondietordCMOS) higse s@nsm"r.ef erably |ow i n
di stortion and has sufficient r_esgl Vi ng g
[0036] The rear lens group 108 is defined by a'c Ilectlon of corrected
objective lenses and includes an entrance pupil 109. The rear lens group
108 is preferably low in distortion and has sufficient resolving power to
complement the camera 114. It is understood that the rear lens group 108
may be different depending upon what type of camera 114 is used. As
discussed below, in one embodiment disclosed herein, the rear lens group
108 and the telecentric field lens 110 are each independently well corrected
for aberrations such that either one can be replaced without affecting the

performance of the other.
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conpl enment the canera 114. It is understood that the
rear lens group 108 nmy be different dependi ng upon
what type of canera 114 is used. As discussed bel ow,

i n one enbodi ment disclosed herein, the rear |ens

group 108 and the telecentric field |ens 110 are each

i ndependently well corrected for aberrations such

that either one can be replaced w thout affecting the
[G087]or nbiis e@ndérstbed dhdtethe BledadddT field leéns UHiopsrates as a

gt fielcElens b dendithedmagiRit ot e SBRGG P B¢ Alona the
pRIPeC Bt tﬁf |t 1 02['3. i P@NAndther v&&y@ﬂl@h@ﬁa?@ erébpsallellfone

Put anot her " way, ght rays are ‘parallel to one
anothenas they ekityheieleceridc larisetthand are preferatdy antmakte the

refe [y .nor to,t.he .pblane, of .t he ' 2 i
plinen! herpdisriod0sy Wy AR aREIEL bY1§ R urtd®rrs, it is
uHasRtSSP BthttthattelebentrRl [BASHIDI &nd 8RS IdnDgp 108 oberste to

group 108 operate to formthe inmage 113 at the canera

formy thertimage| b @t the ¢amerai1d4nhathg telpgeplic lsms 110 has a

fini [ Sk i ' axd :
el MG SR SR BEMA At SRt 1 pid £ Bteentric
ap®rtiteGor ¥écalt peint.0cAs imwtritedfint PGS, 1A ¢eerfocalcpbintlod the
ens 110 is coincident with the entrance pupjl 108 of
telegentda field lens 190d§ ;901rwentweﬂh§hese'1tiqn%wrﬁL%OQ Rethe rear
t | S r ;
Bk " THE 8 1 DRSS ey Spaert 706 such
tHab ¢he searslehd 1.08[ A1iBBie ddraeta i asesimidarlylBositoned along the
g,osi tioned to provide narrow angle lighting that is
aggahdilal with the axis 111 of the telecentric field

[q(ﬁg}ﬁt 1 :f)he igre so'u?%%i)‘llh bq§?)lbsfti8ﬁe8 8 pPOWité !r%'ﬂﬁdg\g?ﬁéletli@ﬁting

urce 118 si ca al ong the axis .
thabvieoeaxiahsvith thel exied! 1 of itke 'telgcenticeiald lens i190. FIG. 1A

understood that the light. . source an .
SRSk ppfionta Pl MR isp eSeUreR, 11E PGy siong t axis
19Pt I ver e disicald iRBABeY49 bafereXiePltdersided thabthe light
the '949 patent illustrates a different position of

seureel 1 thicagobe qrositigachahysisalbpremata jromedbe vaiedd 1tig an
obffnRRH BRI MUBRL, D6 S AU, o ) e patt
iostraes ar diffsents Positiodr of ndle sightvisourg®si 18 ahatl ial optically
eé@iga{%)r(llt ?o tlhleler%fbosjim(;}ert\teslh(?)(\:/\gennitnrIi=ICG.f1i,l§e lhgrel,ir?.nsbpltilc%i egDiSalence
is achieved using a partially reflective mirror or beam splitter (not shown)
positioned along the axis 111 of the telecentric field lens 110. The beam
splitter allows the light source 118 to be positioned normal to the axis 111 of
the telecentric field lens 110.

[0039] A telecentric stop 116 is positioned between the rear lens group
108 and the telecentric field lens 110. The telecentric stop 116 is centered
on the axis 111 of the telecentric field lens 110. The telecentric stop 116 is
preferably placed proximate the entrance pupil 109 of the rear lens group
108. The rear lens group 108 has a system stop 105 positioned between
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splitter allows the light source 118 to be positioned
normal to the axis 111 of the telecentric field |ens
110. [0039] A telecentric stop 116 is positioned

between the rear lens group 108 and the telecentric
field lens 110. The telecentric stop 116 is centered

on the axis 111 of the telecentric field |lens 110. The
telecentric stop 116 is preferably placed proximate
theh eelesdntrio Gtop Ul add)&h@feamlensq;loub e108. giThepeleteftric stop

The | 108 1t t 105
1365 tArBisable %&Ef%amaﬂ?ﬂestp@&%@ﬁ?ﬂa&g@% S Santgalsaperture
14%€ TRa' 6eerﬂﬁegf‘PPﬁ’s %% E)rglﬁ V\Lﬂ Dt P ]:ﬁ%%ﬁ gbﬁ\t of

preferab y a physi cal |ca I nclu
telecentdt lesettire  117. The aperture 117 |s al so

1GEU e E Y Be PR viefioetah IEFANaio:Sbuls 118 Hsshie py the
oBﬁcéﬂ"iniabHﬁ%iﬁéﬂn%ho%ﬂWrPFlGl 115A U#’ﬁb'llﬁuﬁh‘lahbﬁ soRQRid Mastrated

I magi ng-syst'em shown in A. The illum nation
irs GlGc B Iconytrisesean arrnmardlgmlaswﬁpruw@mgm phunalityrof light

e 6 i TR 8 4 il el B s i

uhdérstddd ithat WUsHES terABodiRfint | ﬂheor)ﬁntéﬂi)@dbﬂmboérbe‘lm may
printed circuit board 121 _Iy function as

funstiopean thectelgagmtria stopThtd prling RENted @iguit QQ?JM 2iyipcludes

o DR 1T ER SEL3E A MO el ol 751 736

sldp 11%& event that an iris di aphragm apert ure i s used

ethervvlth the telecentric sto th t
(0GR, | gn thol avest Tal 4 ise0RRhragin AReFLES is SeS fogeher with

th?eefetlécf&tﬁt‘/ eld a)p‘| & th@‘%ﬁ?ﬁt@w 124 Fle’ls LfFhSast %%1@59% as the Iargest

organi zed I'n o an clrcu group and
apettere settlnglaanallgbleupAslsr@Bm Ithellimmdéf)sar@oolrganlmd mtcean

i nner rou and the uter grou
s Giretr v SR Bhduan Sufed e Bihen A46: T Reliderstood
tl%tiltﬁé'inri@%roﬂ—ﬁ‘q 19ANSHd SHePH et ?90%@'1‘1198 Wﬁoﬂdé lightly eifiérent
be 111 um nated simnmul faneously or alternately,
ndrarpnmngig ligh{pagn of the qbuabt M)%s The inner @@uecﬂ%and ithe oyter

ol 5B " B BE B B, BHBeRly! Roogpais
upbs tee'quahtied aﬁmenabjemswzn 108 driieastopehaf additional circular
groups of the LEDs 120 could be provided.

[0042] The sensitivity of the optical imaging system 100 to a type of
defect is principally determined by the focal ratio between the telecentric lens
110 and the diameter of the light source 118. This sensitivity may be
adjusted, for example, selecting between the different diameters of the inner
group 119A and the outer group 119B of the light source 118. Alternatively,
this sensitivity may be adjusted by selectively adjusting the diameter of the
aperture 117 of the telecentric stop 116. The aperture 117 may be
adjustable through the use of an iris diaphragm to provide an adjustable
focal ratio for the system 100.
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defect is principally determned by the focal ratio
between the telecentric lens 110 and the di aneter of
the light source 118. This sensitivity nmay be

adj usted, for exanple, selecting between the different
di anmeters of the inner group 11 9A and the outer
group 11 9B of the |ight source 118. Alternatively,
this sensitivity nay be adjusted by selectively

[66U43]st | IRdopératih 2R fighDbolite 18P aUBES light r@ys ke, 130 to
tel ecentric stop 116. The aperture 117 may

peeipolstoward tetecaninic figdd ders dﬂ Oaﬁucm 1@atd’if@pFﬁY§gﬁ?$o130 are

GHBYLCEEII AR AT Dk L4 LA W ore

ahbtier. r &ty ihﬁ&ersl@dd tthat meajhght ra;mwarzs t8eeeatprojected as
field Il ens 110 such that the rays 128, ]}HO a}[le .
anae@éé‘@nsﬁd«hlﬁﬁt*eeq%n@ tparglil as theyopassyth{pegh the telecentric

le%‘ébﬂ@”*rhg'npﬁat 8 '13b°ar%r}%fle&§§tff‘81?{}' 6hé bbjett 102 as image

under st oo | ght rays 1 are projected
farming mays a22,cmz4a,s1%1| ¢rin thee evemt fhat tHe kghtaays H@B, j38geflect

1ol A-sbcuin RTtigh O abieToRZs doe 19358 ofibgays 172126
vd‘anéﬁk@Qhé%%céﬁ%c étaﬂ 11162§nd 'nBt bheeraMentat AL grbBp 108. In

rays , lect froma specul ar portion
peftlc:uaar thg roageoays t1r2éz i120gare cetro-reflectsd fropp a satstantially

pinar s sBgeuin ket i Cragies PRAF ToPRS filiyEMipe Which
rétdin tol#feidpaint 6f 6fginedd aGhedriimagea chllbé\té:rnwmhla/portson of

pl anar and specul ar surface to create annul ar cones of

the lighti rays 188, \W imreflested flomoa detadt, theiimagerfopning iayad 24

A e i R

fdousedrngy thy feakAéns Easap t108oad foine ampiendge ¢1 3]37!5 the ddmera
telecentric stop 116 where they are focused by the
f8ar lens group 108 and forman image 113 at the

L6 2 TS bt HiaohACsAbT 300, SRS Ins Yaridfen teeep the
opacakawsamgi andahk rareivd ahglghdankdielo ligietingiiouke adjustediso as
tq)nge}qp Byt S hé%gﬁéfg"o%qtfo? LS B tigﬁ{;ﬁﬂéﬁi%ﬁiﬁ@ if desired.
Fﬁﬁ éftl!h\é' éé/ns(?lflwff\/th NSl &‘e%QOIGGaEaer)eaQH}i%{&ﬂ DIWSeIectmg a

ectin ferent | ameter of |ighting or by
dtiiﬂqrelst |dr@nelee abdighting Qll?b)ofact;mtmg the aperture 117 of the
telecentric stop 116. Further, the full field of view of the camera 114 can be
used, and the system 100 provides full circular symmetry over the entire field
of view.
A. Increasing the Depth of Focus

[0045] As discussed above, the embodiments disclosed herein expand
the working distance range for a fixed configuration of the optical imaging
system 100 without necessitating physical or optical adjustments. In
general, the degree of mis-focus of a camera system at the image plane can
be described by the equation
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telecentric stop 116. Further, the full field of view
of the canera 114 can be wused, and the system 100
provides full circular symretry over the entire field
of view. A. Increasing the Depth of Focus [0045] As

di scussed above, the enbodi nents di scl osed herein
expand the working distance range for a fixed
configuration of the optical imging system 100

W theut; necesgitating physical or optical adjustnents.
@A rat—the degree of m s-focus ofr a canera
systein/at Sehe’iVmage pl ane can be described by t he

RS R oefdche. A incthe iort stsisp DR, BobRulsl N ftne

waveldigith \wVighEng i tied fdda0héngth ofsthiehiensoand d lsnm”ehd@fance
the lens, and s is the distance fromthe lens to the

frob) tha Iqmsatnethegzsyeqtmiammésd Jrageths maog plane (s;) respectively,
respectively, as indicated by subscript. [0046]
agiedipeted NRURASFPEDl es that are fixed for the system

t s t
19046] "o '8 FarotBE ey SrfPitked e e PoRAR |9 the
cehztentl-;fx ahe yapienplifies thiscequattiondor se, the deviation in
te that for a systemin focus, y = 1/so and cp
begg S lz ro. The above equation relates the aperture

20 th)é ki ng di stance deviation to a defocus in
t he i mage’ pI ane. This can be related to a defocus in

[60%7]0D] Fied dBhimkht faetoPYs tRE sizelofithe abkérthféeaﬁd séfedBurse, the

rmgnl fication in squared: COscorm For a given field
deviatior\in ¢ heNetes tiah ioagnsysteat inofocusj y €d{ gr andeapl begomes

the size (also known as the format) of the sensor..
zqige Shhe hbeve leguatins oelatesdhe sapgriuse ansk thg yyasling distance

489iatio bh! h't§ %t(lje%cﬂé ma{hde Inl?aegéc' BPalnl erTI%iQecaqlet;é) Féigte%atroag‘ate%cus

in the object plane, w, by multiplying by the system magnification m
squared:
o = pm’.
For a given field of view, the system magnification m is determined by the
size (also known as the format) of the sensor. The smaller the sensor, the
smaller the system magnification m, and the smaller the defocus parameter
for a given variation in working distance.
[0048] One solution is to select a very small aperture (so that A?is a very
small number) and a very small imager (so that m?is a very small number),
thereby minimizing the product A?’m? and minimizing defocus for a given
variation in object distance. However, the power efficiency of the system
relates to the aperture. In a simplified form, the efficiency T of an optical
system in focusing a portion of the radiant energy that illuminated the object
can be related to radiant energy that is incident upon the imaging sensor at
the focal plane to the linear dimension of the aperture squared, e.g.,
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for a given variation in working distance. [0048] One
solution is to select a very small aperture (so that
A2 is a very snmall nunber) and a very small i mager
(so that n2 is a very small nunber), thereby

m nim zing the product A2n2 and m ni m zi ng defocus for
a given variation in object distance. However, the
power efficiency of the system relates to the
Tapetfture. In a sinplified form the efficiency T of an
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W Il recognize fromthe disclosure herel n that the

theoPlanag abiestatiz: and aforexarapliee enhettem) §f B QxierigfeRnGiasure
184 Ys %2 ,é%?t.mgmpt E;ngleﬁf 1 66”%? td%frgt d?efoBhé‘r?ﬁrthe ©object

obj ec an exter
smmé of thiee opficdl infadire systbm: aD0i mﬁge rrgngg df &mstaﬂees Trhm the

th of f h g falisianoes
b A Fta)SR Ao g Vi 195 ey ikings Ustaicedanagl vty that
h‘gﬂ el 3 %éﬂﬁﬁ stBRteARl 16e0K fORthe: carh&@ Y44 Ki ng

e range) such the image 113 1s still in
[QQﬂOSt ari na‘gef vouking alistahee cange allows. fof tiiskiess Vaniagions in

| f hi ck i j
e pispAcofiesh 10 B bEBEarDslEittseieCoRRR. i gt e
toPPafeeLS thé Idptihl I[gﬁ?%nﬁgeéilstérﬁ re(iARES 4 MrgBPWdtRing distance

|rrag| ng system ar er wor Ki ng di st ance

rarmg@lms avusea tosstimaje detd. nby @ gigie ruley naeasurgment or by
of P AR e 2 oot SRBEIRE ol 1,
[0034] enha B sinbddiféntsaidcioeed i Harein) ehavavdrking distingeceinge
israapnpgrgximately 10 mm. According to one such embodiment, the imaging
surface of the camera 114 is selected to be relatively small so as to
decrease the system magnification m. In one embodiment, the length and
width of the imaging surface are each selected to be in a range between
approximately 2.5 mm and approximately 55 mm In an example
embodiment, the imaging surface is approximately 4.51 mm long by
approximately 2.88 mm wide. By way of comparison, a standard imager
(e.g., an imager in the ScribeRead 5P imaging system available from Electro
Scientific Industries of Portland, Oreg.) is approximately 6.4 mm long by
approximately 4.8 mm wide.
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is approximately 10 mm According to one such

enbodi nent, the imaging surface of the canera 114 is
selected to be relatively small so as to decrease the
system magni fication m In one enbodi nent, the |ength
and w dth of the imaging surface are each selected to
be in a range between approximately 2.5 nmm and
approximately 5.5 nmIn an exanple enbodi nent, the
[008R]i ndnsadditiare the cameax] Mhisbgledicdlsonasl tongaveya relatively

I 2. 88 i de.
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CORPAISY el A é‘ﬁo@erf?&”t"?{) "P’;‘F INRgef ool B “exbmple
ehfiddThest, the camer£ M 8fihdIGHeNMOdEI MTOVOR3UREH Micron Imaging
m ni m zed Such a sensor that is suitable to use as the

ot Baise, |d.1andshaanaf sensitivly, of caprreximately B 0Wiweeec at a

wEUBIaRA, of SPPTORRigE ARERL et Vi e b 8 s an
intésdityc@fie NPrdeiuciMTONA22rticaATwM escoynizeadhag grédn Bghthas a

Id. and has a sensitivity of apprOX| mat el y
wavelenotix -of e apafoximatly 82h ginp. @nda fhat ommeé]swvgysomam be

s%&%@l@g{_lés%na\f%tﬁérwgﬁ% F?feléﬁgth'ss an intensity-time

A TSAR Wi T Fec gni ze that green |ight
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1
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tion source i's confi
very highobigiéness.arlgeamexaniply exhbodigtent, ﬁhﬁsLElE!BstOnclude

R SRUCEKBEaR b 1o e8] S PrBiny i, SRR a brihfibss
oﬁ%p%ﬂg?eﬁl @4brﬁﬁh|-(~|‘ﬁﬂ?éahﬂéla) ‘Ht r@kllrﬁlateiy' 20 AAd [pdne

ht ness of ap Brom mat el d (mI'l'i candel a)

embodppemixithmwm 220 rare lensemé;o centmeuem@twse tasemuehf the
0 i RoSHREL, I 2O, SaTe it iRty 1€ LEDs 120
arhRMgE With Bh&ehFPigH 26urrent to achieve high brightness levels.
‘Techniques for achieving high brightness illumination are described below.

[0054] In one embodiment, selecting a small imaging surface for the
camera 114, selecting the camera 114 to have a high sensitivity, and
selecting very high brightness LEDs 120, as discussed above, provides an
optical system with a focal ratio of f/12 as compared to the usual f/5.8, and a
small system magnification of approximately 0.14x. Note that an f/12 system
passes less than one-quarter of the energy as compared with that of an /5.8
system, requiring that the balance of the optical imaging system 100 to be

four times more powerful and/or more efficient.
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are pulsed with a very high current to achieve high
bri ghtness levels. Techniques for achieving high
brightness illum nation are described bel ow. [0054]
In one enbodi nent, selecting a small imagi ng surface
for the canera 114, selecting the canera 114 to have
a high sensitivity, and selecting very high

bri ght ness LEDs 120, as di scussed above, provides an
opt i cal B.sAshrgingillidhtingd Packagest i o of f/ 12 as conpared
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demmlalseawgmfmnﬂye Further, as the distance

(03 Pk SARRR: MR be/{or% WSrde) EBFlibR) 3R 56-0dge

d@t&rﬁdé@' {% blstHélﬁ’éﬁdlélln i PYSvidds far Hifferidg manners of object
center-to-e
illumination and g iffering degrees of super-soft, soft, and hard wafer mark

detection. For this reason, multiple lighting arrays are helpful. However, as
discussed below, multiple lighting arrays lead to packaging issues. The
packaging issues are solved, according to one embodiment disclosed
herein, by using small individual illumination sources and arranging the
illumination sources into arrays in which the density of the sources, as well
as the density of the arrays, is increased or maximized

[0058] FIG. 2 is a schematic diagram of a conventional annular
illumination array 200 including a plurality of illumination sources 210 (twelve
shown). The illumination sources 210 in this example are rectangular and
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di stances is al so beneficial, and provides for
differing manners of object illum nation and
di ffering degrees of super-soft, soft, and hard wafer
mark detection. For this reason, nmultiple lighting
arrays are hel pful. However, as discussed bel ow,
multiple Iighting arrays | ead to packagi ng i ssues. The
packagi ng i ssues are solved, according to one
ma;fgwmrpﬂﬁe d‘lo|50éxza'aplle, HeEBsN, The ulkimigatiom| $ources 210 are
i ndi vi dual i m nat.i on sources and arrangi ng the
AR TR acaircUarpattery A1 AriaanMluREogRIge thgt the
. I 2
aftanpae® 0t fRSandiotALinindtort e 200 cbl e chtye bf¥iding
odiranpoaingoiflumirationesourcasa| 2 1dn ranidaby indreasinganri decreasiag the

200 i uding,a.plurality of []]lurgnation sources 210
radis o dhe SRB0KT TiBteh aiTaePOn T pietpiBetp ARCiasS the
rEHas R hA HANURE iREaB6n &by 260,'GrYe 6P MREreSET, theANlumination

exanpl e, LEDs. The illum nation sources 210 are

elemeniatd 4l woulsr beigmaved. dThs raradiaingpiuminationsglements 210

: N . ‘

o eiongtd s FRRf DS, ey BdR HRER b d 5p=Bfhg in o

ciréldlan Pattefn.” ERBiYIoVhg tHa!Bneabi ehoreolluafeatibk) soarsésb210 to
i ncreasi ng or decreasi nggt he radius of the annul ar

deerease ibe rediuadesieases thesrigeingssilevel ob thrpairaug80; he
(" Pl B B 017 Lot Bty Socates

witansther arrBlye thatreanibeg sephratélpatuiresd ehearehoff. 2E6r eaample,
rearranged so as . to hav?asubsta ti%g equal

FiGiad i acieeriatici digdiam 8T aganvgntien MeglRiAGnnular
1) o200 SHMTHIE, opRSyg oy vipceas o
agfdlar [iResiaptidm arrya 314, 312, BtidnaEacm ofithaypnpoGrdbumination

ical Lyl ted i.Lh her. A
aG8Ya 10e 0t o Red Arama CFFrETEGROILS A & dfelieal Pyt of
tahgePliSMphahangeddldnnafioRd soRREAN1®NH may heesiFille Ofhough
the annular “illumnation array 200 shown in FIG 2

nebresitedi toamaintaindaightness levelsraaiween dhe ingividualrarrays 310,

2 54 B o sy s b N e

sélifcbs A 0tinTea@husraAng1 @ 200, f3Ie Bl 4ns inpeasdd from the previous
tangentially arranged illum nation sources 210. It ma

inper @eryy wihed pessiigh Inrbis exajupleethe apnuigr itumipation artays
3k5! 966835, 57X GhAubS I IRRR, tREVN U HndPiéty itfdination
sources 210, respectively.

[0060] As shown in FIG. 3, under conventional illumination source
layouts, each array is oriented in a similar manner (e.g., tangentially around
a common center point). However, in one embodiment disclosed herein, the
conventional arrangement is improved by increasing the number of
illumination sources in each array. FIG. 4 is a schematic diagram of a
plurality of concentrically located illumination arrays 410, 412, 414, 416

arranged according to one embodiment. Each of the illumination arrays 410,
17°



200, 312, 314. Because of R-squared | osses, the numnber
of illumnation sources 210 in each array 310, 200,
312, 314 is increased fromthe previous inner array,
when possible. In this exanple, the annul ar
illumnation arrays 310, 200, 312, 314 include seven,
twel ve, sixteen and twenty illum nation sources 210,
respectively. [0060] As shown in FIG 3, under

4qonven i prealhais! & usturedity @f ifomiretionl ayances, 2 Haahragedyin a
is oriented in a simlar manner e.g., tangentially
CHPB'@ﬁGaﬁﬁ”b@"%'ﬁﬁ EeRMEIONRHe) 41&pwever, in one

[ Nonth o ﬂmgh%aer Jhgen‘?é?ﬂg% biWANAIFIGS. 3 and 4

arr ngemsnt 'S 1 nprove i ncreasing t e nunber of
ré\l'éalsmrsigmlbcarﬂoucrease unntlmnhm@er aflllluﬁln@atlom $aurges 210 used

in gaér%géfq Of grﬁﬁy %%t 23@4% Iéclgl ;l)%vide a

f
e s e e e

tme arrays 8¢00812,|3uhiresnaativelyour ces 210 arranged in a

(6 Tk Tt Boilnol GRL £ SRR FiP el ngfhces
tReeillumyRRNSsGurse S0 eadiall dy Re¢iapged mnatdwmuwnfmremf A
illum nation sources 210 use in the arrays 410, 414

radigs fres the heoramosy sente, 418 4t0 £ apPEXimate, center of the

Db 8RpRe BEoh  E0 HpgPophH0S26S1 e

of mﬁmdm@sy arreQ(BI2) sHdwen iimFGBs t HoWlever, ia¢ iimmeratastarray
0 shown in FIG 4 includes  twelve |Ilk5mna i on

338&*19@@ i G- shas soven HisRyeatiomsauiees A1V gamparsd tothe
thEFE HRhinafbA RBLRRATY FARbemdiie1d.0_an approximat &

center o nation sources 210 in the array
[006B]i s Bipgp mext neaimost caredy ¥d2ashaw s FIEE. 4 limcludes twelve

nner nost arr 0 sho
IlBRiRoR soRras, 214 ienGRBlR amenaed dnt8 i patem. The
ré({l }Jé'"hﬂat hOmMbPULE SfluRkitRh COURMLD M ihhthe taRAY €412 is
I'TTumnation sources 210 in the array 410. [0063] The
substantialhetheosamearasapesadiusrarvhnumber of illuminatiaryeeurces 210

1] e ArEay 0P SPoBRiR ETR: Sthe - r adi us and nunber of o
[6064]M "Phé ABXISIAHERRSstZHRaY 14 BRowh IR FIB 12 includes twenty-four
illumination sources 210 radially arranged in a circular pattern. A radius from
the common center 418 to an approximate center of the illumination sources
210 in the array 414 is approximately equal to a radius of the array 312
shown in FIG. 3. However, the array 312 shown in FIG. 3 has sixteen
ilumination sources 210 as compared to the twenty- four illumination
sources 210 in the array 414.

[0065] The outermost array 416 shown in FIG. 4 includes twenty- four
illumination sources 210 arranged in a circular pattern. To achieve a desired
separation between the ends of the illumination sources 210 in the array
416, the illumination sources 210 are offset from a tangential configuration.
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substantially the sanme as the radi us and nunber of
illumnation sources 210 in the array 200 shown in
FIG 3. [0064] The next innernost array 414 shown in
FIG 4 includes twenty-four illum nation sources 210
radially arranged in a circular pattern. A radius from
the common center 418 to an approxi mate center of the
illum nation sources 210 in the array 414 is

|mmbmérr@mbbmmwato bohieve abé Wesiredtdepazatian; @i2or more of
shown in FIG . However, the arr gy 316 shown i
cHomp 1t

the Hi4minatiose ﬁoumeﬁumaﬁ SRMOYEH €a8Imel nﬁf@ ’ Gc{ dhe
rér“ﬁuﬁ?fg%{}‘n ?%%quﬂcég‘ﬂ@tér‘érbr ihca %étgstbﬁtlélﬂﬁtangentlal

array he™ out er nost ray 416 shown’in
cbhfurationc IAsaIelmevdejG 4 pairadiub [fromn hize comm@m center 416 to

arranged in a r pattern. To a iev a desire
B mate seniasat top et sowBes 1ot s cufermos array
49845 “a@?r@ﬁﬁa‘télytéﬂﬁlaﬁfd Yaditisbof th@%dté}nh'&trlﬂt’éyﬂﬂm shown in
sourc are offset froma tangenti al

FtGnBi glloanaven. thelarray &‘rmtshewnelmbgtﬁ n8rhas twentyhllewmination

d
sPifisRaul 75 o050 a0 B WEnFalb Urfhase faurges 210inghe
afdy 41Me remaining illumnation sources 210 are
arranged in a substantially tangential configuration.

[00663hovinG. 15 is1aflowchart illusirating eoprocass SRMehatangiag a high

GBS BB PRl BPLIFELE o e T Bcess 500
nﬂﬂpbemm _ebry egamale tto Iaydjtatdﬂmsa@éngémenugé gmnﬁnaurm ayray
4¢pa41a ila fae rﬁozﬁemat@mm hilisyated GG e 4o bt o885 51d) the
t
oS 80! ok s MOPINS  dbh) TALKR SAL5F 5138 Rator
sbllcestasaa itotgl aumpbec eflubDiaticor seurces ¢ bg usediiglan innermost
S T o B B9 R S puts g
lrﬂﬁl)azliya%éig&t@tcj;s AUIBRIBIRSLr .ﬂammaltkbw S@irces rhdy 88 arﬂ)ﬂtﬂary or

schematically illustrated in
meays bepctidsen fdareeleptrisabsircaity reasbodes. @elt@oaahr@vaubalanced

it nHwEvebs Sy Bkt TosrutsinRY RBursB R R bR ety

sblepgygost illumnation array. An artisan wll

recogni ze fromthe disclosure herein that
[0067] At a step 512, the process 500 includes orienting the selected

illumination sources in a radial manner at a radius equal to the radius
desired or required for use by optical elements of an optical imaging system
(e.g., the optical imaging system 100 discussed above with respect to FIG.
1) plus a longest package size of the illumination elements (e.g., the length
of the illumination sources 210 shown in FIG. 4).

[0068] At a step 514, the process 500 queries whether the illumination
sources interfere with each other. If the physical layout of the illumination
sources is such that they do not touch one another or that they do have a
desired spacing, the process 500 passes through a no path 516 to a step
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initially selecting a multiple of four illumnation
sources nmay be arbitrary or nay be chosen for

el ectrical circuitry reasons (e.g., to achieve

bal anced drivers). However, any nunber of

illumnation sources may be initially selected.

[0067] At a step 512, the process 500 includes

orienting the selected illumnation sources in a
5n8divakreretheepradese 500 insrezpes! theo rhbitipleadif ulpur diksmiredion

SPGBy éﬁgt&ﬁé o Blogd ¢ Rbe Gipress ik e S R Ahnsion 512
ﬁfowe‘(‘is bf§’1"43 Wit iy frﬁﬁﬁﬁsn %?’Ur%é?do lﬁﬁerf?alré’%ntﬁ each other,

onges kage size 0 m nati on el enents
thee pgocesSh@O pnageedsofromhthel stepnd ththrongb calyeepath 20 to a

siapop 57 et g eess 0 querisR st her sty ouS 8F&TTh of the
nyﬁfg%{rrﬁ uhihBtiGR b REES Nintdrferéd Shdbies ithal currerRUhudber of

_ > ilTumnation sources is such that they do not
iluninatiamsounces lirgerfered. hat they do have a desired

G o' FoBUGS Tkeplion RIS Flelieleds e hrBfedl Boribses
tHFSLGh R @e@ﬁaﬂpgm it laugeep Eﬁszheﬁé)ﬂfeCﬁ-‘ﬁlltmre @n fouridligination
I nteger e process then returns_to the step 512

spuices e depieasedPysaae whole integen Jrpntheostep dle grocess

ShP RS 595 I e ABVBLR REEOTobC fber o
iloRdnatlieT eotifees mlamsntéﬁ@req Uheipreced®50@ passes Mnr@wgbta no
iteration of the nunber of i] on sqQurc

path 828 dPea Hep 130 where dh?éﬁt"“ﬁlﬁwﬁ&?o%‘ '"UM"P%HﬁrhéPP'Eﬁ‘?S is
dé?r‘é 3565 Bfﬁ)ﬁéf\ﬁﬁcﬂg in e%%‘?gind f Poo%%@VSCRYERhﬁr‘ﬁE bANo the

ered, the ocess asses rough a yes
neﬂtdiutéﬂﬂluhunatlm apay2 Atvihisr paomhml ﬂmlpropess 600 therinnermost

IFTIRERAT SRy SHBPEIE, FosERaMHE pPBddagmasialyBnation aray
4119 rier ogremla with £defalRf SPﬂaﬁg'éd '|I1Lﬁh%h6ﬁ élfur&é? 210hmay

[ um nation Sources not interfere
hpve;beee csoﬂggmasisaxzcomng dlg meapmeSp@tOﬂ daswasedeabﬂvgp

e tiple four ill um
G781 o adhce 59 B2 M8 Pe oo P b BB ggRobS s
ti@ﬁﬁé\ﬁ&i%srdéfbltyoor‘iélﬂed NRrhin@YbArarfdy, e paddeds 500 arentdtthe
this point in'the process 500, the innernost
illumination sources of a second innermost array tangentially at a radius
equal to the radius of the previous array plus 1.5 times the length of the
longest package size of the illumination elements. An artisan will recognize
from the disclosure herein that a different radius for the second innermost
array may be selected in other embodiments. At this point in the process
500, the second innermost illumination array is complete. For example, the
second innermost illumination array 412 shown in FIG. 4 may have been
configured according to the process 500 discussed above. Although not

shown in FIG. 4 or 5, if the illumination sources 210 in the second innermost
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illTumnation array is conplete. For exanple, the
innernost illumnation array 410 shown in FIG 4 wth
radially arranged illum nation sources 210 may have
been configured according to the process 500 discussed
above. [0070] At a step 532, using the sanme nunber of
illumnation sources as the previous radially

oriented illumnation array, the process 500 orients
ilfuRtinaiion arfayatiDinterfiereosith ebch atieetitky Nz be sffsat fram the
tangentially at a radius equal to.the rad| us, of tq%

tepjmnt'ab@n%mtaagm girpdarfoghe pﬁﬁgtqﬂﬁ@ qf é'?ﬁgPH esmosarray

@flﬁest ergpf gt i l;
art I"'san W 60%394?,” fzog fﬁgrrcriw t'h I scl osﬁeﬁﬁﬁl %eg%n 500
irdnedses thef rfrmlttﬁpm of &aliriiburhbrativhesrcentd theneextoghole integer.

A stoe B35, e Biasess Bosdishts feseabigriaarnn soHeise Tor te thir
ldr{éngﬁgf‘%h‘agnmaé rr@bha'l %oﬁﬁgﬁrla%ﬁ atFé’rraéPé@”@é&al tohpe 'J)revious

sec innérnost 111 umnation array 412 shown in

araymush hubetimee the tength gfi thedlongest prckggesize of hedlemination
%OO cp scussed above. Although not shown in FIG 4 or
Sthe illunmination sources 210 in the second

[00YRY" Mftan dRarbleieimbatliradntattidiufdiratich 866IRES akk tdtranged
each other, they may be offset fromthe tangenti al

nrbfquﬁmrgula@rar@ymsmﬂam thecarsayse Al Bt 4 th 494, ¥6 shown in FIG.

40 RS el Rt ey a8, bl BEGRPRmat gl 2
s8tond pireulaf afrayrhdd éwamnstofqpmoximelytmtrhm Iaebhﬁrd cwcular

whol e integer. At a ste 536 the process 500 ori en}1
afrAy $@sia radivsaf approxisatelsd 2gnm, Rackfquth giFiaT ARy has a

r%ﬂg?p p?oilﬁ%'té\y 638'}% Hﬁ%&bﬁ%r@énfboﬁﬁﬁen gt H"’“Iur’h%atlon

I ous i nes the
sbombge(stg paEIEhlacleagm lswfapplfca(mnlatelynw&mmriongIbgmpuremmately
an exanpl e enb

2
oigp g widh 3ngt T KBaRn Thite ade Ae may04gs" g@gk%g%aw the
d er’iﬁ@n@fﬁ%ﬁeé‘ﬂ@%%?‘?“ 416 shown in FIG 4,

ere a first circular array has a radi us of
Wpﬂ]oxumhaaatgp 238, ithe parocesﬁzéﬁﬂ quertas whetmfat&heHﬁBmmation

.8 |
siites T e FRRLGRCERESt 4y ByPlhsevif BaEnthét f the physical
Iefg@kif bhtr@ nlemn@éuow §@WcBass such ﬁmtuﬁefao&mrt@mmhélanother
In such an enbodi nent, each | um nati on

osthat @&exéo have egtesicackspaoing. she peesssRiQpgssesthmpgh a no
pa&n§46) Yo gpﬁé& )‘5'45%1%% the process 500 increases the multiple of four
illumination sources by one whole integer. The process then returns to the
step 536 followed by step 538. If the illumination sources do interfere with
each other, the process 500 proceeds from the step 538 through a yes path
546 to a step 548 where the process 500 queries whether the previous
iteration of the number of illumination sources interfered before the current
number of illumination sources interfered.

[0074] If the previous iteration also interfered, the process 500 passes
through a yes path 550 to a step 552 where the multiple of four illumination
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0.6 Mm wide and is known in the trade as an 0402
package after the dinensions in inches (0.04"x0.02").
[0073] At a step 538, the process 500 queries whether

the illumnnation sources in the third innernost array
interfere with each other. If the physical [Iayout of
the illum nation sources is such that they do not

touch one another or that they do have a desired

stéﬂmésﬂtg debié?;l@ghdge@ﬁe g@{blepaﬁe@er tﬂgngmgfe stepb5) dhé phekiess
0O a Sste ere the rocess 5 | NCr.eases t he
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llf]g.xgrflﬁ%n sgﬂi%eefcﬂ&gg@ lﬁtgﬁ@r%ecﬁérpf}%cééé Sbﬁ assep t%@gh a no

ste m nat | o sour ces
patht SSﬂetoeavstep Swwmm Hbe , mutiple ob desrs ilbEOnatiart sedrces is

daapaaRe i DRE Wholedsasaori e elbtas fl cbRETLTRdaane

n_bhebﬁ#éroiﬂgl‘?lflnéti&% BHQ’?G”APfthisI bimk NAtthENpRREES DO, the third
Intertered before the current’ nunber of illum nation

inenmost iliumipatier aday[isComplete.t ror paxamm@,sthet thirdt inparmost

GRS 52 RSBIRRIRE £ R RRR ahBpOydyiion
sblifce8 DRdi RRAY RAve BEETE TonfigdRY @RBSAHIRY tBNtheMpPbeess 500
i nteger. Fromthe step 552, the process 500 returns

dissus$rd gbeye.536. |f the previous i teratl on of the

31T AL gt SE8 OSBRSS BLA AR Bt o
tHeb preMivuiserddidlynaridnted ellurhinbation arkéy,l I‘(heél mmm'sssmo oaenissthe
decreased by one whol e i nt eger and gq&ﬁcess

IlSGHP YA SOWRes O HEUMt d3ReTgigs ATay) téﬁgﬁ yatH Faaws gaual
t
tcl; Mes rzﬁﬂh tof'the rd?SWB[J cga}p?@'tgé BE@PEE )zcg%?r‘ég?‘tﬂfcﬂﬁﬂétlongest

um na ion a
paokage"mae ofithe ullummahon alemeants! 1At ghis\pointrin Ftheprdcemst 500,

i taurieoin gé{]ggfg g@b%?lrtﬁﬁwn%?%%?%n ﬁgmgf%‘étf}gzrlo Yo "Arourth
wﬁie?ﬁl%ﬁfﬂgnﬁt@u ¥t alr2Y 426 Mowh i PIG. %%aWﬁé\F&bé@ﬁ cdAfi§ured

number o nlnatlon sources as previ ous
aceafidirld {0 thei proceds |50|0Lnlrsmase@ha!a¢\r&ay AStmeCLpﬁwde@@\@oaf the

A ol B BRI SRe g, LCHfon ey, 410
urg?ﬁ'?ﬁﬁzwmg rgagg GREN itRE nidy BY dFfses fronbtid tyehtial diterethtion,
as shown in FIG. 4.

[0076] An artisan will recognize from the disclosure herein that the
process 500 may continue in like manner, alternating between radially
oriented illumination arrays and tangentially oriented illumination arrays (or
offset from tangential to provide desired spacing), to create any number of
illumination arrays. Further, the order may be reversed such that the
innermost array has a tangential arrangement of illumination sources, the
second innermost array has a radial arrangement of illumination sources,
and so forth. In addition, the radius of each array may be selected to be any
desired length.
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package size of the illumnation elenents. At this
point in the process 500, the fourth innernost
illTumnation array is conplete. For exanple, the
fourth innernost illum nation array 416 shown in FIG
4 may have been configured according to the process
500 di scussed above. As discussed above, if the
illunjnation sources 210 in the fourth innernost

i hum r(atAlmmm TOAR LghtingtAardys e wi t h each ot her,
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Aﬁ%‘ﬂét% f&mﬁﬂé%rﬂf E:@Mvéfﬂéntbme‘iﬁd)@(féledhgméﬁt asyording to one
desired | ength. 22 C. Aligning TOAD Lighting Arrays
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characteristics at smaller misalignment angles than would the other arrays.

Thus, aligning the innermost array guarantees the alignment of the optics
path in relation to the other TOAD lighting arrays.

[0079] FIG. 6 is a flowchart illustrating a process 600 for aligning TOAD
lighting arrays according to one embodiment. At a step 610, the process
600 includes configuring a reader unit to use an innermost TOAD lighting
array. For example, the optical imaging system 100 may be configured to
use the illumination array 410 shown in FIG. 4. At a step 620, the process
600 includes aligning the reader unit optical axis as close to perpendicular to
the object plane as possible. At a step 622, a mirror or similar highly
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consequently align the reader unit 100 to all of the
arrays as a consequence of their concentricity. The
TOAD lighting arrays include, for exanple, the

illum nation arrays 410, 412, 414, 416 shown in FIG

4. However, other TOAD lighting array arrangenents,
such as those shown in FIGS. 1 B and 2- 3, nay al so be
used. An alignnent method according to one enbodi nent
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[omuude& shaépcaza | thengroeBss! 600 iredudest abwsﬁnglthelmggle of
the i mage captured on the reader unit a nst
ingidemseabriwesn rer seadarsunit gndsis: eaest P %%%rﬁlf@ctlon
eg t S
(g pefiont f 3ftEe, Bhad) DRRCKS ok oFTHY %M%ﬁZ;?e%fe no
lopgeg Bppaeht imtHenenageg®he lappaea«urqﬂgeuarl%!e@ﬁhg gAhanchoted as

illustrate hot ogr aphs .of _.{the, m rr.or t t
setiipg - rﬁrte&fwﬁgthegan%e eﬁ@C'@m&dPﬁé’fﬂa s %?@5%@%” of
ah %?W'%@%ﬁa Ptih IOfYsPRS %ge? 794 (S FIG, 7RNAd S8EIfad it alfedd of

areas of I ntense ht ness surrounded by areas
bn@htglasst?éd mave gffttodiss Jeft cpfdbef]rstAma@es?‘bqoaBQ@ISam@ar x1is

s 600 includes adjusting the angle of incidence
“%Qﬂ%ﬂin the reader unit and the object plane in the

[008%] " €At @nstep 628, the process includes adjusting the angle of
incidence between the reader unit and the object plane in the opposite
direction compared to that of the previous step until the areas of brightness
710 completely traverse the image space and are no longer apparent in the
image opposite to where they disappeared in the previous step. The
apparent angular setting is then noted as setting x2. For example, the angle
of incidence is adjusted in the direction of an arrow 716 shown in a second
image 718 in FIG. 7A. As soon as the areas of brightness 710 move off to
the right of the second image 718 and disappear, x2 is recorded.

[0083] At a step 630, the process 600 includes calculating x3 as an
angular setting approximately half way between setting x1 and setting x2.
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(e.g., left/right in inmge space) until the areas of
bri ghtness 710 are no |onger apparent in the inmage.
The apparent angul ar setting is then noted as setting
x1. For exanple, the angle of incidence is adjusted in
the direction of an arrow 712 shown in a first inmage
714 in FIG 7A. As soon as the areas of brightness
710 nmove off to the left of the first i mage 714 and

THE seaderalinit islthed positivhedesuch ©#282e anhgle oft iepidéd8e behween
process includes adjusting the angle of l__J nci denﬁe .
theetasien uniteand the pbiaet Pl 1% ﬁbsﬁa'j“@c’f&pl QR &X@MRIpea third
_ . ki : . _
R 20 S PO IRER bl e SHglportence i
sétr atvies setting %3yebe apas eofdmihhdnessd10 argenotappagesnand rthe

the .inmage opposite. t t di dinth
TOAR T RERs FiocaionggiPEe XAGHPtRN aet (i ng |5 t hen
[db%hjd A D ﬁﬁ?}%he FStoc83aBR0CinciudRsaadiLstin® fthe an_)qi% of

I'ncfdence is ‘adjusted 1n the direction of° an arrow 716
insliencei betwvesacihedreddengmit7 asd i the Folgect7 plangsins then y4lrection

(4o GUEGH T B, eB5ER, Caft i el of Brighlifess, 2 &6 no
Ioh@lgﬁﬁiapé’rbn@irﬁﬂﬁqnﬁ%é. The anQF@ﬁ%n@Q%ris@ﬁin@i@Shen noted as

calculating x3 as an angul ar setting approxi nmat el

setting yilayF asexaeuro sbetangle ol ineistercetis Ariyored in the distion of

o ORBL 25k R 7 o g e
oPhigitnéSs A0 ssdvid off tox the fop ofetherfplith imatbin2d andiyappear,

720 shown in FIG 7A illustrates that when the angle
ybis ieserdeshce is set at the setting x3, the areas of

[OkbrsiSZSt "KiS2 gﬂel%gaés‘ﬁ, e 'rﬁB@é‘& NHubEs a&j%@%tﬂg iaggle of

arrays are a ned’for the x-direction.

ingldemce3Betwidea theocesaderc0Aiti amud dhe solegtuplainegirt filke applosite

of _incidence between the reader unit and t obj, ect

digeciies Pwnpﬁeedjicait?%&rﬂf)‘ﬁus(sz? Untlf She iges ﬁ?ﬁggt”ess 710
i ' € t in th

Rl Eaidat Re i Shalt i Bhe o I capent n te

insadd ioppoisite t toe wheoe eﬂneasdisaebealregi y1.theopreyicuspistep-t héhe
i,ncidence is ad

angl e, of justed in th Lrechi 0
agpatst SneliEh N e Larb TP Fhagling 32 horaptariig the Aute
ofs AUt e! ReadiusRY P thd Hirablite s ol @iy 726fdhdvin timea fifth

top of the fourth image 724 and di sappear,
image 728 in FIG. 7B. As soon as the areas of brightness 710 move off to
the bottom of the fifth image 728 and disappear, y2 is recorded.

[0086] At a step 636, the process 600 includes calculating y3 as an
angular setting approximately half way between setting y1 and setting y2.
The reader unit is then positioned such that the angle of incidence between
the reader unit and the object plane is at setting y3. For example, a sixth
image 730 shown in FIG. 7B illustrates that when the angle of incidence is
set at the setting y3, the areas of brightness 710 are not imaged and the

TOAD lighting arrays are aligned for the y-direction.
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yl is recorded. [0085] At a step 634, the process

i ncl udes adjusting the angle of incidence between the
reader unit and the object plane in the opposite
direction conpared to the previous step until the
areas of brightness 710 conpletely traverse the inmage
space and are no | onger apparent in the inmge
opposite to where they disappeared in the previous

[6USA- Th%nea@ﬂ@wmemml rAeas@ehiaits nfaddlierthe Gyt-dicécmsn are
setti nE@th' For exanpl e, the angle of incidence is
¢ a

mageuwh pale ef inetdenes Iafth%-@reqswnwz@eé RO e Shtting x3.
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step 636, theéfrocess 600 i ncludes calculating y3 as
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[%él]t | on suchg&ﬁadteﬂtg h%‘%a%ﬁég'eg? 8&?‘;‘{?' ?jlt‘agr’l:ictehé ;délgﬂlghtmg
atrags nsaaplm dunng aanichadirg plgoess tplevabiats the ceemetiaguality of
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I mage the TOAD lighting arrays are aligned for
dusteand dxtmerclmnmfeczeos 0 tiss extamahmireomusedinalign flae TOAD

RREGERL SR el T Ao Bl e e

afthBut%%Ié td@he& Jeaddh @Rit. OREE ekbmmgi/vheﬂfthenextémmemlrmr is
irection is set _at the settin

éheea@@wfrmwtnﬁsa Rd0 shgmre it Flﬁgaféé fr"ad f@a@%ﬁ%e low
rﬁ%gﬁ @Frﬁ'a%% Ell%nfe&rert Qﬁysﬁiﬂtnmg??‘tgrbﬁes X tﬁ{té‘?r{é?ddr{rtt dust,

cd&iY ldiefstits,ngnd athieryisnpesfeptions dio noy banomglre'qj(s when the
process to eval uate the ct{%smatl C

extesaRlr MiFPk Is SAU;  dUys, Bgaint ﬁ'@aﬁua' o c? iapgy C&W@r reader
s*%f?ﬁ{ E&S bleQdIStiLid & gbﬁ?l e )H@Pﬁalff ??H“é@ﬁo@gf the spinning

ernal mrrors are to distinguish from
ndfrot.,  dust and ot her |nperfect| ons in the external
mrror |t|n arrays.
Spi nni ng—% e Ar SPHRS def ects t hat
at
[%@A t hAé 'inééz?ré ﬁg?stﬁﬁ} rbgﬁerfag§‘%'i'np§ﬁ§ets bdsié bREREPhSuding, for
example, a video camera, a lens, and a light source. Such wafer ID systems

may provide some combination of brightfield illumination, darkfield
illumination, and narrow-angle darkfield illumination by placing the light
source slightly off-axis from the lens and camera (e.g., typically between
approximately 5 degrees and approximately 7 degrees) and providing an
associated baffle or baffles to prevent a direct view of the light source in
reflection by the mirror-like surface of the subject wafer.

[0090] It is common in these types of systems to provide a selection of
conventional, often “off-the-shelf,” video lenses to provide the system with a
variety of fields of view. For example, a field of view of about 30 mm for
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spun, the areas of brightness 710 shown in FIGS. 7A
and 7B becone low intensity streaks. However, any
bright spots due to internal dirt, dust, coating
defects, and other inperfections do not becone streaks
when the external mrror is spun. Thus, the interna

i nperfections of the reader system can be

di stingui shed fromthe external inperfections of the

rgingi disharlirhéfs seRal ﬁ@ﬁﬂfe%lswh%@fthoﬁldiegeﬂbed_wmm the
G oups [0089] A wafer |ID system generally co
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f
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vi ew of out one- for readin 2Dl D seri al

bhmdmeasilranh reflection Qjé'ﬂ%ﬂlﬁhﬂlfig alearerdsalfusthesn@eguaperties of
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narrow angl e darkfield |ight sour&e W t
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[00982 cerh rnr@blsm peagd .Vﬂﬁgmegsy%%k ﬁplféégéﬁotfaﬁe P49 magent is
o 4o 1055978 Rt YS! EOpHERed A e useo
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one unique requirement is that the telecentnc field lens 110 be a meniscus
lens having radii of curvature of both external surfaces less than or equal to
the distance between the telecentric aperture and the nearest surface of the
telecentric field lens 110.

[0093] In one embodiment disclosed herein, a specific design method
provides the ability to change the magnification of the optical imaging system
100 by changing a relatively small optical subsystem, not the entire optical
system. According to one embodiment, the magnification of the system can
be varied by exchanging the rear lens group 108 with little or no impact on
the entire system other than the desired change in system magnification.
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degree and approximately 2 degrees of the optical axis
111 while remaining blind to a direct reflection of
the lighting el ements. Further, the properties of the
| enses 108, 110 are used to nmaintain the uniformty of
this relationship across the entire field of view
[0092] A probl em posed with the system disclosed in
the 949 patent is that the |Ienses 108, 110 are rmuch

swwyl Sfaiomshdrivom Witlesite sadddimentealiselosedhalein, if a
|rrag| ng systens. At |east one optical element of the

cgygerﬁmnlaé deﬁtaaeams@adﬁ i 4eq to @ﬁwnpt«het PRtinah imaginggystem
f
10 SEBE R Al R SR SR8 o PRGRTRGRr bl

fc{fxléaﬁh eltens %Ifmﬁgqrarlmlmitlgcl)a?wnes' fort kathtleas element, and
el ecentric fie ens [ I h

vaBaS ThEKRERSPE: aRd SHAGRE [DxearhdPns Flement | ey aahe
fé;%: ef gy %MUBBS Fﬁﬁsgéﬁ%a%&%Pﬁﬁﬁ&% g8 ai@r@é&msr inSeparable.
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way of conparison with the enbodi ments di scl osed

theeeeﬁme syistera to @shigvgtthemaw tieldiof viewp i alteraative gppepach
oI kS BB B i 1 Uyt o s

fiedrofatiewe for each lens el enment, various glass types
for each lens element, and v r| ous, t hi ckn

[0995]i nds ans eakodiment & to jisige CO(SESS%?%H@W and
dggellﬁﬁlﬂé% Qﬁ? mu%%eégﬁmq]e re%l |H\%§ir@139§8ﬁpq‘0® for a

separ ens “group 108 and
ldryer f|ekalnbf vieve (e, I‘iOWdTI mbgniﬂeatsorﬂ)lmshus'fh!s k&nwr%ﬂmi the

tefReaniriei 918 1130 iscSufeERL e o o e SRRl syvgiems.
Tﬁ@ﬁ[ %Besu%ﬁ IQWﬁadjé sbBaPcfth@rbyadédlé‘ﬁﬂgafrorrﬂtéh@éﬁtw%h d63|gn

er ent fication, then the rear |ens group 108
anfl progluction methods that use generally spherical curves and conic

sections to one that uses an aspheric curve of the form:
Z= cv? FA, Y ALY F AT FAYS A Y+ + 4,7,
14+ v1-Q{ +K)C5Y- N PeE

[0096] The first part of the above equation is a standard description of a

spherical or conic section lens surface. Z is the displacement along the
optical axis of a particular curve, known in the art as “sag.” Y is a radial
distance from the optical axis. C is the curvature (reciprocal of the radius of
curvature) and K is the conic constant. K<-1 for hyperbolas, K=-1 for

parabolas, -1>K<0 for ellipsoids, K=0 for spherical surfaces, and K>0 for
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second system woul d be designed to conpl enent the
telecentric field lens 110 of the first systemat the
very least. Alternatively, one could redesign the
entire systemto achieve the new field of view This
alternative approach mght be necessary if the second
field of viewis greater than that of the first field
of view. [0095] In one enbodinent, a nmethod to

oblafd 8l|ERokRS! . TREdetiesOM N tare ARG aséﬁéﬁb Qoektierits rahd modify
i ncl udes designing the optical inmaging system 100 for
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cem@d@@@l inneplatiemiransine restaf therystene curve and the

[dge ushgdo ﬁlf%ntl&%o\f?e(%lﬁg h't@%c@ﬂtrf&dﬁeléqm H0 ferifsthe

Nor al 'case ere I's presented here
sélectan ddkiHd edarpﬁmsorgsomr@&alslupham dt ssucuhdepmﬂently well

cEAERC A1 FPBRSEIEt Padear (STdRgE 108 mdfadeS commercial
objective lenses that meet the requirements of having the appropriate focal
length to achieve the desired system magnification, an image circle of
adequate size to cover the selected camera sensor, and being of a design
compatible with having the system stop 105 defined between the rear group
and the front lens

[0099] An example of such a lens for the rear lens group 108 is one that
is telecentric in the rear and has its system stop 105 at the front of the lens.
Such lenses are sometimes called pinhole lenses because the front aperture
can be aligned with a pinhole for covert surveillance. By designing the
telecentric field lens 110 to be individually well corrected using an aspheric
first surface and by careful selection of pinhole rear lenses for the rear lens
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determ ned that the optical character of a nol ded
pol yner |l ens woul d be adequate for a separable
desi gn. A nol ded pol yner | ens according to one
enbodi nent provides a |lowcost lens with a conpl ex
curvature that allows it to be separated in design
fromother lenses in the system Wth a separable
desi gn i npl enented using an aspheric curve on the

gfdup OE|§,9$ 8YRBAT Wih lisle rhagsifiddtibnst ¢ belofferstt whereby the

field I'ens” 110 can be sufficiently well corrected and
optiess campeigeiansingls iaw 6ast plastic idernest with thaaspherie purface

G SPE SRR EhY 15GLAGE b TR phrle\dhses

fo¥QRe saMchB@roup 108. i ndependently well corrected. In
one enbodi nent the rear |ens group '

108 i nc) udes
[aasa0dr di will be epuious\ia theses B@V'ﬂﬁaik"h'@égetﬁﬁ%{ha? many changes
ek REBA'S, Bk GEMIOBrIHE ARNILAECHIRA BhBodithés ! Without
I eve the desired system magnification, an inmage
departing fﬁcﬁmdtagamtmrbr}mj penciplesoofethet iheelstiinrecﬂ' hﬁ s;@mer@f the
sensor, and bejng of a design atible wt avi .
S N R S S T M R
C?mqsthe front lens [0099] An exanple of such a |lens
or the rear lens group 108 is one that is
telecentric in the rear and has its system stop 105 at
the front of the lens. Such |enses are sonetines
cal l ed pinhole | enses because the front aperture can
be aligned with a pinhole for covert surveillance. By
designing the telecentric field lens 110 to be
individually well corrected using an aspheric first
surface and by careful selection of pinhole rear
| enses for the rear lens 29 group 108, a systemwth
mul ti pl e nmagnifications can be offered whereby the
optics conprise a single |ow cost plastic elenent with
the aspheric surface for the telecentric field |lens
110 and a variety of commercial pinhole | enses for
the rear lens group 108. [00100] It will be obvious to
those having skill in the art that many changes may
be made to the details of the above-descri bed
enbodi nents wi thout departing fromthe underlying
principles of the invention. The scope of the present
i nvention should, therefore, be determ ned only by the
fol |l owi ng
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claims. 30 Clains 1. An imaging systemfor imaging a
defect on a planar specular object, the inmaging
system conprising: a telecentric lens having a
sufficiently aspherical surface such that the
telecentric lens is substantially corrected for an
optical aberration; a telecentric stop including an
aperture therein to block light reflected fromthe
CMigizar specul ar object while allowing light reflected
“fromthe defect to pass through the aperture; and a
| ens group having a system stop positioned between the
tel egcentri,c . ; I
pei nd- sunefaidifi $8ishf Tor EfRqiRh % Befectont & arrctgboular
objeet, 1thg irmagingdspendeommfsingie tel ecentric lens. 2. The

for aitRiegbRBEIRGS pRuiierd SHBEIFYY A5pfEuRa S BUg s eRdRa the
t%?%éj%ﬁ@%éﬁs?ﬂﬁ?%ﬂ%tar&igﬁy cbﬁba‘é@gy b oplieRl adieatione | ens

|
I magl ng” system claim2 wherein the
caneadelzoenptricsstop inclodingl zamapeduse therain-toxilaek light reflected

o TS s N R e
tipgwﬂfféu%m@ébm@; ¥nd0 nm 5. The imagi ng system of

alm 1, erein the tel ecentric |l ens conprises a _
nol dadep®gyonp hading Eheysteaysteg rogiianedoretwiegnithe telecentric

SUoch b B b g R b R e TR A8 for tre
opfied| &iberiafien lifdspaiidene of Heeléceesriclepsnhol e | ens. 8.

he i magi ng systemof claim1, further conprising a
source of illum nation positioned to illumnate the

|tole|ag gnffﬁﬁg:igﬁgﬂ% §dted FWaif1 Hirther 8bmidhing a camera for
imaging the planar specular object through the telecentric lens, the

telecentric stop, and the lens group.

3. The imaging system of claim 2 wherein the camera comprises

a complementary metal-oxide semiconductor (CMOS) sensor.

4. The imaging system of claim 3 wherein the imaging system

has a depth of focus of approximately +10 mm.

5. The imaging system of claim 1, wherein the telecentric lens

comprises a molded polymer.

6. The imaging system of claim 1, wherein the optical aberration

comprises spherical aberration.
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9. The imaging systemof claim1, wherein the source

of illumnation conprises two or nobre concentric

arrays of light emtting diodes (LEDs). 10. The

i magi ng systemof claim$9, wherein successive

concentric arrays in the two or nore concentric

arrays of LEDs alternate between being tangentially
arranged and radially arranged with respect to a

commgn cefrher imagingt sys@m of claim 1, wherein the lens group

comprises a pinhole lens.

8. The imaging system of claim 1, further comprising a source of
illumination positioned to illuminate the planar specular object along an axis

of the telecentric lens.

9. The imaging system of claim 1, wherein the source of
illumination comprises two or more concentric arrays of light emitting diodes
(LEDs).

10.  The imaging system of claim 9, wherein successive concentric
arrays in the two or more concentric arrays of LEDs alternate between being
tangentially arranged and radially arranged with respect to a common center

point.
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