OPTI M ZI NG USE AND PERFORVANCE OF OPTI CAL SYSTEMS

| MPLEMENTED 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
July 8, 2005, which is hereby incorporated by
reference herein in its entirety. Technical Field
[0002] This disclosure relates to inmaging optics and

as OPTIMIZING USEANDIPERFORMANEE OF OPTICALISYSTEMSS
disclosure relates to systens and nethods for
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performthe _necessarg I nspections, neasurenents and
andspecylpe arg rrgediwith adequate contrast. One such class of

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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edges ‘of si ngul ated devices. To achieve this, it is

coadakiodhe opfcalraxig ariepiuraliinphiseuress sw ke aganged n gn
aRRGAKLRagd t ht Mfameter of this annulus and its proximity to the object
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] Inimaging 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
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{ t d t.h
HeRE e 4=y 3P oD h e L RGP BB gl
oﬁéwémhg@bﬁﬁiaeﬂba%gmghln a comoact package. [0011]
Her et of Ore, connercial” wafer |ID reading systens,

[0046] udiGanversalyiibthe system apesivse irmata smalk thejmiting
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sensos fersansitivity ansdongsin, ans a vemtsigpificapigemand jmplpced on
thrléa%g'g n‘;ag@h%&ggfﬁ?é b%\‘)lcile; X%ﬁaﬁtlé(ﬂyttﬂor% WK ISR 8 B
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, Oregon, the assignee of this patent application (e.g., ScribeView™
Models 1 through 5P) and others within the industry (e.g., Cognex Corp. of
Natick, Massachusetts, and Kowa Co., LTD. of Tokyo, Japan) have
employed optical systems with a working distance range (depth of focus in
object space) of approximately +1 mm or less. Although such systems are
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obj ect space) of approximately 1 mmor |ess. Although
such systens are 3 workable, they require a user to
make adjustnents to the focus position of the |ens
and/or an adjustnent to the position of the wafer ID
reader to account for even m nor changes to the
wor ki ng di stance. The working distance may change,
for exanple, if the thickness of the object changes,
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appropriate working distance. [0013] Mreover, with
whighdbe irgage sanbe elgetserisallymonieoredrand auatser:mayenake a
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prebenteddrege. tThe esércdirRr iy inakes adjuetifieM@rUfiting satisfactory
di stance or to adjust the focus of the wafer ID
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syistemligirgars unpoWbmd/\stel@ osing @ sitrpils fuldto) desterrainbem
mllinmeters could be accombpdated by the wafer ID

apprepEate Werkingdista8cei nt er venti on. Summary of the
[0BM3F! ORMYrEover, with existing systems, process variations that cause a

change in working distance of approximately 1 mm generally require user
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
4



[0014] The enbodi nents di scl osed herein provide
systens and nethods for inaging a planar specul ar

obj ect such as a sem conductor wafer. In one 4

enbodi nment, an inmaging systemfor imaging a defect on
a planar specular object includes a telecentric |ens
having a sufficiently aspherical surface such that
the telecentric lens is substantially corrected for an
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concentric ill'um nation arrays. The nethod includes
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sofgpeesi Tiee TOAD lighting device has a plurallty of concentric illumination
arrays. The method includes adjusting 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
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direction as conpared to the first direction until the
area of intense brightness is substantially renoved
froma second side of the i mage of the specul ar
surface, and recording the readjusted angl e of

i nci dence as a 5 second neasurenent. The net hod
further includes determ ning an aligned angle of

i ncidence for the first direction as an approxi mate
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[0021] FIG. 2 is a schematic diagram 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.



density illum nation array according to one

enbodi nent. [0025] FIG 6 is a flowhart illustrating
a process for aligning telecentric on-axis darkfield
(TOAD) lighting arrays according to one enbodi nent. 6
[0026] FIGS. 7A and 7B illustrate photographs of a
mrror captured on a reader unit according to one
enbodi ment. Detail ed Description of Preferred
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wafers and/or edge irregularities on chip scale
les\aredB. [0030] A light source provides annul ar cones

[6929]' 9M¥nd ¥BolifiERE discribed herein utilize a telecentric lens to

illuminate objects with symmetric coaxial narrow angle dark field illumination.

This illumination technique is particularly suited to highlighting minor features
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
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telecentric lens. The telecentric lens redirects the
light rays toward a substantially planar and specul ar
obj ect such that the light rays are parallel and
normal to the object. A property of the planar
specul ar object is to reflect light at an angle
conplenentary to the incident angle. Thus, in this 7
case, the light is reflected normal to the surface of
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I onal atures that greatly expand
features, structures, or characteristics may be combined in any suitable

manner in one or more embodiments.

[0033] A wafer ID system is described in U.S. Patent 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, Figures 3 and 5 of the ‘949 patent are shown and discussed as
FIGS. 1A and 1B herein, respectively.



(e.g., by approximately ten times) the working

di stance range for a fixed configuration wthout
necessitating physical or optical adjustnents and that
sinplify changing the magnification of the system For
pur poses of discussion, Figures 3 and 5 of the' 949
patent are shown and di scussed as FIGS. 1A and 1 B
herein, respectively. 8 [0034] FIG 1A is a partially
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digital camera including a charge coupled device (CCD) or a complementary
metal-oxide semiconductor (CMOS) type sensor.

[0036] The rear lens group 108 is defined by a collection 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



108 is preferably lowin distortion and has sufficient
resol ving power to conplenent the canera 114. It is
understood that the rear |lens group 108 may be

di fferent dependi ng upon what type of canmera 114 is
used. As discussed below, in one enbodi ment discl osed
herein, the rear lens group 108 and the telecentric
field lens 110 are each independently well corrected 9
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optically equivalent manner. For example figure 6 of the ‘949 patent
illustrates a different position of the light source 118 that is optically
equivalent to the embodiment shown in FIG. 1A herein. Optical equivalence
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
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positioned along the axis 111 of the telecentric field
| ens 110. The beam splitter allows the |ight source
118 to be positioned nornmal 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 tel ecentric stop
116 is centered on the axis 111 of the telecentric
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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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110 and the dianmeter of the |ight source 118. This
sensitivity may be adjusted, for exanple, selecting
between the different dianmeters of the inner group 11
9A and the outer group 11 9B of the |ight source 118.
Alternatively, this sensitivity may be adjusted by
sel ectively adjusting the dianeter of the aperture
117 of the telecentric stop 116. The aperture 117 may
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diffenemtediameter of lighting or by adjusting 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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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
enbodi nents di scl osed herein expand the working

di stance range for a fixed configuration of the
optical imaging system 100 wi thout necessitating
physi cal or optical adjustnments. In general, the
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deviation to a defocus in the image plane. This can be related to a defocus
in the object plane, w, by multiplying by the system magnification m
squared:

o = pm’.
For a given field of view, the system magpnification m is determined by the
size (also known as the format) of the sensor. The smaller the sensor, the
smaller the system magpnification 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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[0048] One solution is to select a very snmall aperture
(so that A2 is a very snall nunber) and a very snal

i mger (so that n2 is a very small nunber), thereby
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aperture. Ina sinplified form the efficiency Tof an
optical systemin focusing g portion of the radiant
energy that illum nated the object <can be related to
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is approximately £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 5.5 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, Oregon) is approximately 6.4 mm long by
approximately 4.8 mm wide.
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surface of the canera 114 is selected to be relatively
small so as to decrease the system magnification m
In one enbodi nent, the length and w dth of the

i magi ng surface are each selected to be in a range
between approximately 2.5 nmm and approxi mately 5.5
mm | n an exanple enbodinent, the inmaging surface is
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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 /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.

B. Arranging Lighting Packages
15



Techni ques for achieving high brightness illum nation
are described below. [0054] In one enbodi nent,
selecting a small imaging surface for the canera 114,
selecting the canmera 114 to have a high sensitivity,
and selecting very high brightness LEDs 120, as

di scussed above, provides an optical systemwth a
focal ratio of f/12 as conpared to the usual f/5.8,
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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
may comprise, for example, LEDs. The illumination sources 210 are
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illumnation and differing degrees of super-soft,
soft, and hard wafer mark detection. For this reason,
multiple lighting arrays are hel pful. However, as

di scussed below, nmultiple lighting arrays lead to
packagi ng i ssues. The packagi ng issues are sol ved,
according to one enbodi ment disclosed herein, by
using small individual illum nation sources and
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iluminationearray 260 shews in FiGr 3 coaéemfélsaléy (oRatadawitty dhree other

o 3B GO oA AR ST S5, 318, e APt Amination
affays 8no 206312, Bagaiasch dh‘fetéhtcrhﬂﬂs emdraay!ﬂ'fdrdmttnwnberknmf
separ ately turned on and For xa :i}
ta@geahelimrren@ﬁzcbgjlpmm@forhswﬁ%BﬂPo ﬁg]ﬂ hgdgh
”é@%@@[}??: t@rmelﬂt%uH"ﬂr Iﬁ&%lﬁbe@@eﬁ ﬂfé"f?ldi\/ﬁl.rdl Grrags 310,

( ! oca ree ot her annu
200, 318, 1B Bodauseys FB-];QuarféﬁZosﬁﬂsﬁl th&aummbef of Hminatiorar

sétl,lr:cgénﬁgﬁiulw ,%gzgh%g Wit 02123@ %g?eﬁf Zmﬂgéfésga‘cfro% the previous
PR S R 1 o e oo

350, 200, 3425 3Hé\m¢ladeeemrtweh@ shtien aodtwentydjummation

200, 314. Because of R-squared |osses, the nunber
SQHTCRE IR} FEsREHNEl:

[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,
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sources 210 in each array 310, 200, 312, 314 is

i ncreased fromthe previous inner array, when
possible. In this exanple, the annular illumnation
arrays 310, 200, 312, 314 include seven, twelve,
sixteen and twenty illum nation sources 210,
respectively. [0060] As shown in FIG 3, under
conventional illumnation source |ayouts, each array

415 494i 296 BAsiaplRrAityof MUmREtRY sduecds 210 angaged ah ay
around a conmon center point). However, in one

ciksutas giattenn amuml asemmen éefh'tel' #A8. convent i onal

BBAE AT g o TRRHRH L A ESRPIAS 38 BERSS. G 4

reVeaIsBRsigaifidhAavinaraase in the humber of lllumlmtlmesrburcea 210 used
| ocated il |l um nati on arra s 410,

indhe argye 440c 414 4.t Hhumd e ocls Adth 414416 BiovdRea
sigﬁi{‘iggﬁtqﬁ&’e%e% Fr?é’ém%ﬂt oﬁﬁn‘ﬂﬂ@sceﬁ‘\% r&ViGe8 s c’%)mpared to

uni nation sour ces arrange in a
theidreaysed 10 3tiRe 804 arespectivelzormon center 418. [0061] A

[0BRAT 4 TheaBeEnGst I RNATER ATy A Oeshelit 1 it 4infged of
Mfi&é‘ﬂlﬁﬁﬁﬁét%%ﬂ%&é@% 8 1‘le§§3¢ erahﬁe& ftea %irb@lﬁﬁ paftesn. 444,

e arrays 410, provi de a
ragliugnirérindhatcommonr aebter 4 18ito aamanproxiofate gentesf éhe e

IBEAER seirges P Rouvineteay AT R AR Siala Sfual o dradys
ofthé 1%&%3& %rr%&@m“shdilﬁ% ORI, 3. Wabwevéd, thwrirmeirinest array

sour ces O radially arranged inacircular pattern. ﬁ
31(hsllnownﬁm Eifﬁtihéae(smwenIlb@mﬂehommllﬂc@s@ﬁoaaﬁp‘ﬁfémp aepddo the

nt r of .the s 210 in the arra
E’%ﬂ%&??&ﬂ?ﬁ%ﬁgzﬁQ?oé%@gg“ﬁgd. us of the d
[00'66]Er MIHe it AhetAidss Baan 412 dHown id. FIBMemeludes hwelve
i nnérnbst arra 310 shown in FIG has sev

iIuminationeausees 319 é@lgeml@"h@rr@aa%ﬂba drgulen patteqs| Tae

a'rqlétiéj%cﬂ ﬁgb@%s?)?glﬁjﬁﬁﬁatﬁgsélﬂ'cég%Gru'iﬁ"é éﬁg}/ 4[1?352]3 The
stibutaiviallyithé saimenas the saiucasd AlMbeaoddiomiadtion soureegado

in acircular pattern._ The radius and nunber of
ini the @iay=A00shaint ELG23.0 in the array 412 is

[OQqéPEtmanﬁ{a ?Hé%)éf Srﬁ)r{i}frg@%‘?‘é&%? A2AEHAM isFia % iReRes thenty-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
illumination 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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in the array 200 shown in FIG 3. [0064] The next
i nnernost array 414 shown in FIG 4 includes
twenty-four illum nation sources 210 radially
arranged in a circular pattern. Aradius from the
common center 418 to an approximate center of the
illumnation sources 210 in the array 414 is
apprOX| mately equal to a radius of the array 312

er é}nEb@me?nt idoa@vé\re tHe Gesiietiase patatici) @e drimébreCof

as siI xteen [ um nati on sources 210 as conpared to
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cAHflgindlRsh. | As 8heWwhan IFIG. #324 ¥&dids from memcmqmoa ccmerrets to
separati on between the ends of the illum pati

ar appxémateocenter akthgrillupination soures; 410 thﬁﬂUJﬁfmost array

r
418N aToRiraY gl 165 raiRE o L 8eERN08t array 314 shown in
Ftclhl% .desiveedr, e arralyidid, shown i FiG3chad twetrhye illumination
illum nation sources 210 is renpyed, . fromthe ar .416
suges R0 ascormpATRg tPithe AveRlyTamr | Bmﬂ'@é@nzsﬁs"‘é‘?%ﬁgm the
ed in a substantially tangential configuration.
aftay 244 g
shown in FIG 4, a radius fromthe conmmon center
[0058] t 0 FI@n Swaﬁmwcimrtellmmtmg apradess iS00 fof aganging a high

sources 21 n th t t

awtvdﬁwnﬂ\agpb %Eﬁ}’:‘f“?q%é a@i&vgiefﬁ%q'ﬁ'@"&u?la?r%%?esérﬁ%q/
MRy RIS forexdble; f lafBUEthEandiiRnRe it Itdinalion arra
4104t dd 4 416 Ischematicallyf ibustrated imFHGat 4.0At eciier §302the

piabess BPatoiites BFlsekag a8 tasoirgy RthE ok U8 Tifhation

s&%éé ¥ d io‘télfﬁdﬂ\%ér%f iRirhiRktion eeufbie8dobe Wl in an mnermost
nmbodi ment. The process 500 may be used, for exanp

mumlmat;amrram eAnmarisaewillnecognize figm the dl@ﬁlogur%k)eremtk\at

il st S maRRRBL GG b7 S4B B oy

nidlyid Elgsenol blgdtricadtirbwity rehsony (ead.| toactsious bamneeda
total nunmber of illum natlon sources to be %Sed
Wi

drivere). nbewever, [any; mapbeyrofdiyraipatian sapfGesHaRPOF] 'mtlapy

Sé@g@gni ze fromthe disclosure herein that initially
ting a nultiple of four illumnation sources may

[00673r biAtraastepd12, 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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may be chosen for electrical circuitry reasons (e.g.,
to achi eve bal anced drivers). However, any nunber of
illum nation sources may be initially selected.

[0067] At a step 512, the process 500 includes
orienting the selected illumnation sources in a
radi al manner at a radius equal to the radius desired
or required for use by optical elenents of an optica

51&5‘?«%%&@&5@8&3 660 thoreddss l‘h@tmglﬁFIé srerguNPumrsatiom 100
I scussed above wth respect to FIG 1)

lus a
sdweesby opesKaje integer. ofhe REOGESE themEatHES tgltBﬁﬁFﬁl%m 2

ot o5 7R np chibh SULRS P TRHE S Sk other,
tha oSty 56 prdteieds fronfi the steprd 1dathraugh & ges peth 520 to a

interfere wth each other. If the physical |ayout of
sten&22whererheipsacessdiiG aucrias whelhel Hia PiaYigHsd Fafign of the

m&'ﬁ§§F9@!?l?mﬁ‘gé%%nesrou?éesgiggérférgﬁbef’d?ﬁtiﬁé!%Hﬁenﬂﬁ%béﬁo% 16

rocess passes through a no pat

ill@irmatidoheourdss inldiferbdr e the process 500 increases the
nmul tiple of faour illumnation

) , b
[90kBL o hepee ious el ktersieth fremotese pol Basses
thHRQIPA TIPS PAIT R 28 10 2 Stef, 326 Whero I 0 gf BSUt TR Riron
sduroes ishdecreaged by onerwhalé integes ramtieestep$29, tha ppcess

508 Eatiinada the Std 5T roBe Pervioys rsehaniob (e BiEBESY' o1
iLiretion’ fiirE&d Qidendt Mprefidrd, QFﬁ? pﬁ]ﬂe&QVSGef pasdsiek Uhtoughi2no

sources Interfered. [0069] previous iteration
pathsi28 totastepriif whare theovuliplesoifopaBlyaunatiof sRIfReR ISy es

oB3bse by DR EERB% MRS bABe SpbikeRled o e

n&RIREET illumirilioh At eft hdPpoihhd the pressss 500) theinmemnost
to the step 512. If the previous iteration of the

illaoninationcdrray isl complete. drorsexanarle, tednpermoestilymigation gray

.5
AR5 8RB 2 PIRER R e PP ey i Ron sButcbsa 0 Ry,
h&@s beas edntiyuret aacobaling tathegsmocessi500 disoussed abb0e,
conti nues on to the next outer |Ilumqnati an arraxéS ég

[00708 pditre step 33%e Upingdbe $agNUMRET PhiffufiRalton sour
tde%%%tré?@lg %Fi%é{e{diiﬂﬁ@iﬂ%é@hearre{:ﬁ theE pRIBRSE 500/ ients the
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 FIGS. 4 or 5, if the illumination sources 210 in the second
innermost illumination array 412 interfere with each other, they may be offset
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410 shown in FIG 4 wth radially arranged

illum nation sources 210 may have been confi gured
according to the process 500 di scussed above. [0070]
At a step 532, using the same nunber of illum nation
sources as the previous radially oriented
illumnation array, the process 500 orients the
illum nation sources of a second innernost array

frérANBE Mrigtntial ofiertafionl sinsilaregted otientatien vathieisutermoste
previous array plus 1.5 tines the length of the

anahgtst package si ze of the illumnation elenments. An

1oB74] 2P Histep SR i eFiche aftag hiRtutogeces0
inBfcad¥s iRy mudtisie loé fnusrdllummatlble soerdesdo tieshext wholetinteger.
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mﬁSﬁﬂ%{ \F/Hf@@ﬁatdlélld ﬁ‘l%?l %t%rréawsﬁécﬁjaffwm previous

een con ure accordi n o0 the process
ar5@,0ptdssS1Cﬂ sisesd ﬂibdmgth/tiflﬂhm l;gigesbpackag@mm af thegiiuminagion
, 1f the illum nation sources 210 in the second
elﬁm?é‘ltﬁmst illumination array 412 interfere with each

[00728" . 1A Eﬁ%x;!m ?%n‘iﬁd‘dﬁﬁéntz%é namiddtfort @du}@@é afd arranged

orientatron ar to the orientation of
indotiecinnsar arsaysasimilasto UquySAMQa 43’It2eﬁ1534116 sb@wg in FIG.
t arra

4ot BREERRShr 8T Hre BB Gt a2 2 R e

sé‘{&ﬂd%lﬂcmaﬁ%fay hd¥ a adiligRf 5?§soxith§teny 8Gasm, EoMirddirentas
ese illum nation sources for the thir

amay hgs iarradiuscefiapprexinateliitat Mw, 2nd 8 f?%h egc@auawray has a

5 BT Y T b AR B

sbed ¢ gl NLED paskage)ds apprskinmtely 112hwem Idngrbwapprommately
sources are arranged in four mrcbémc rra)é%‘er mlar

Oiﬁdnﬂhwld@r ang)is kmwn iprthe tiede asiag 04 Ade
I’?SIF'IIIﬁ?ﬁeé d@#“)@b 0%" ay has a radius of

nat e second circular array has a

[00?‘3& us Atfa ﬁeprm thed pto,ce@s Somqueaes iwhedher thedllémination

SowGes in Dia QIR alIoR) AT IBlerPEINE BEn 4P o 1S Rhypical
lagggtr @?gh? |ﬁhrﬁhﬁ%ﬂ%@%oﬁf%%% %E?ig ﬂgéiglrﬁioxfjg;nt%gltdlﬂi? %ﬂé another
of thag they dzppam( arcketsa‘eyl spacing, the process 500 pa%seé thrg]LTgh ano
path 540 to a step 542 where 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" x
0.02"). [0073] At a step 538, the process 500 gqueries

whet her the illumnation sources in the third
innernost array interfere with each other. If the
physical |ayout of the illum nation sources is such

that they do not touch one another or that they do
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one who e I nt eger the step 552, the process
dEGOssmiabmto t he step 536. If the previous iteration
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|I|um|mje:m soutces of pfosds mmmoabanrahmeaﬂaﬂsbat %éadlh%ﬁﬂua'

| |
Siaels STRB RSBk 1 et e enbh o Feergats
a&a@eeénze oFfHe MumiAtON dlBmehty. r At uhimpasurmmtthe process 500,
|IIum nation array 414 shown in FIG 4 with rggl aI

ther foarthenemastiillringtion aeay desOPPIPeay ORgYEMRR e folrth
u’gfg:grs;nggyf ﬁ%ﬁ&t ﬂe Gg s&@@n@ﬁ ?‘f@sﬁ m?%pha\%e Eﬁéaﬁ rrEgnﬁiﬂgured
agdﬁclbrgnm}g;%ttplg:plg?n%ﬂndmuim ﬁwe dAs disadssed gbove, if the
o sar 23R4 S ksl R ase Aoy 68 5,
%%%@%gﬁg%g%&hﬁuﬂﬁ% rﬁ§¥ S%e‘@stehfreﬁ tﬁgtthﬁ%h’tﬁ gﬁlehféﬁion
ak@hoestin 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 elements. 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

illum nation sources 210 in the fourth innernost
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i
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Gasedi Alg ths rled IR ol SRR arEle o 4 86 Suence
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heréin as the reader unit 100) I t
inGhideSTBaMng SREBTTIRSE BrrRBoRisE LB R TSR hent

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 | ighting 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. | B and 2- 3, nay al so be
used. An alignment method according to one enbodi nent
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b Qbj.ect plane, and an inmage capture process is
$Ded. [0080] At a step 624, the process 600

h udeg acaeg%-zfsemezpf&eag gobanclugés adjusting amihryglemg
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bA§hiAeeS 780 méve ofitto eseseft éf&ﬁé Il}stmhage%épamélsapmar x1is
process 600 includes adjusting the angle of incidence
reaorde@n the reader unit and the object plane in the

[&ﬁ]r eCAlJ #8Btep 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 imge 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
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m&lﬁi@ﬂﬂelbetweeredw:bademg& antidhe objgatplane inAbe yedireciion

(@ e upkIN imege-SPavesattine Appes ! Duginets 248 o™
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I'ng X gul ar setting approxi mat
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o@ﬂ%@}ﬁﬂé@s 240 $edve Bt the foplofeiaraUrth |n$aﬁ$”172d and aigpear,

own in FIG 7A illustrates that en the angle
ybis lewrdﬂduce is set at the setting x3, the areas of

(0l K septsih ind BlogetE HctuMEadiDSind g ' 2°
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image 728 in FIG. 7B. As soon as the areas of bnghtness 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
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reeadee Rcoi oD 2T i YR Mip8SioB@ on e
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dmﬁ@nﬁmiheemperfectlgss [lra)ﬁge@;tg?nag héﬁéﬁgg%qf Ilgngnﬁ]q: 'FBAD
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cd4liNg défabts| agd oﬂneramperhchmmdd umot bgccameust@gkﬁ yhen the

process to, eval u cosma i

exter MIfTer is SRYMN-t | h%%gge 85{161 fPeis Pﬂ%%’ﬂ%%e%eér
S{4BEf fbeRRrBDshe f!ﬁ“‘*?"%ﬁff#“‘t‘% e en rom
miirot., dust and other inperfections in the external
mrror arrays.

Spi nni rig: def ects that

[0Yed] atg (ahak @% tér?u déi%rélﬁ,a&ﬂ‘hpﬂééé basio blazkanmdleding, for

the external mrror is
example, a video camera, a lens, and a light source. Such wafer ID systems

may provide some combination of brightfield ilumination, 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] Itis 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
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blindrteadireghreflectior ogtheehmtm slementsTer Uitheratne BioRertas of

e T R e e
s b e omics 1 oo o
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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 lenses 108, 110 are rmnuch
[0094] sowlmtyl af&iopepdrisan Wxt‘mﬂ'e embdd;mentsdmmaedmaiem ifa
i magi ng systens. At |east o t I C ele nt_o
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for _each lens elenment, and, various ihickpess
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sections to one that uses an aspheric curve of the form:
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[0096] The first part of the above equation is a standard description ofa
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
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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
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[0698PS Independently correcting the telecentnc field lens 110 permits the
selection of the rear lens group 108 such that it is independently well
corrected. In one embodiment the rear lens group 108 includes commercial
objective lenses that meet the requirements of having the appropriate focal
length to achieve the desired system magpnification, an image circle of
adequate size to cover the selected camera sensor, and being of a design
compatible with having the system stop 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 at the front of the lens.
Such lenses are sometimes called pinhole lenses because the front aperture
29



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

car g@talrpnéamma binhioleefort coverisuivelljanicee Byedesigningitbe
field

110 ff |
tefespritde reld IPs 130 BRdRaNIdyRIY HelhcoRelnd fijad Ehatlfc
fl}sggaﬁﬁ%gﬂs W)S{]rlfiﬁ ¥el%€fl s 6f iﬂﬁofehr%aﬁ’ dreestbr ine reaklahs
pertits ect on of the rear |ens grou

gidip $08;ha systemi \mthn multmle mmﬂﬁmatlynw@an beceffered whereby ?he

ogggﬁrganggglﬁeng%négﬁq\& E:%EEW@@ c u&q}é]@&m f{\%cés%%ﬁc surface
fdrEiﬂé' i ISH&'&PI& fi%fd RAYI1NQY dritka @Bﬁé@wflo@hﬂnémlpmhzﬂe@ﬁmes

to achi eve desired system magni fication, an inmage
ﬂnﬂhekeadénsgquu&ﬂ& size to cover the selected canera

(G, 4t B a? pVRuR 3065 g SRITER the R that et Criaiges
n%eﬂﬁbérrﬂaaeltenme a&aﬂglofﬂnem@emubedoémaoumts avithout
the rear |ens roug 108 is one that is, tel ﬁﬁentr|0|

deperttr\eafromrmenmar sspanepiestFghatinyamion: o & GCopR of the
I t
ok BV BB B RATE! R Rl e e

chiimBol e 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 group 108, a systemw th nultiple nmagnifications
can be offered whereby the optics conprise a single
| ow cost plastic element with the aspheric surface
for the telecentric field lens 110 and a variety of
comercial pinhole lenses for the rear |ens group
108. [00100] It will be obvious to those having skill
in the art that many changes nmay be nmade to the
details of the above-described enbodi nents w t hout
departing fromthe underlying principles of the

i nvention. The scope of the present invention should,
therefore, be determ ned only by the foll ow ng

30



claims. 30 Clainms 1. Atelecentric on-axis darkfield
(TOAD) lighting device conprising: a first circular
array of illum nation sources arranged radially with
respect to a center point, the first circular array

| ocated at a first radius from the center point; and
a second circular array of illum nation sources
arranged tangentially wth respect to the center

IBﬁ’t‘\ t, the second circular array |located at a second
us fromthe center point. 2. The TOAD lighting
device of claiml, further conprising a third

v e |
fla‘rj'c | ?;’ 'ﬁhl%y?’rﬁ&%8htéi{goa%%lgﬂcwl?ﬁggorﬂ1? the third
cd?ﬁﬁr’ti‘él'ﬁé‘r ar f?y 500$LedT?;ADaI t hlhtrd ragl us fromthe )
nter. poin i ghtina devi
{ ur tnfest Ssenper airay, oh lumyRtign Squreay anatpra AR A
reﬁggéie'?& a&%rﬁgr @&HF QR firkt rc?rﬁ@l%ﬁ alra) d6eHtealat ¥ firtiradius from

pol nt e fourth circul ar array
the@eatard ot anﬁourth radl us fromthe center point.

lgﬁo; gec%rlgijp@éj grgar?a I@&ﬁud h%@@ﬁsﬁgﬁ ﬁ%&ﬂ Jh%gntlw
w&%ﬁé&m ﬂ'{égcéjrﬁél‘ ?ﬁn?fthé katondticiraliar &iray Ideatdchatral

onger an the second radius. 6. The TQAD
sédogiat raduscdfeorn dlee center gioint5, wherein the fourth radi us

is longer than the third radius. 31 7. A nethod for
aligning a telecentric on-axis darkfield (TOAD)

L 9“%.' ng fﬁé( fr@ﬁf\mbhtu@g aémé afclaihl vy fsnﬂwtdcmnpm]mg adbird
t he i ghting ~“device having ?adowﬁ{ é’ to th
cmw’memray of illuminatioat sasiices aEgRgEd glar spec o the
centrrP H)%t "We third circular array located at a third radius from the center

point.

3. The TOAD lighting device of claim 2, further comprising a
fourth circular array of illumination sources arranged tangentially with respect
the center point, the fourth circular array located at a fourth radius from the

center point.

4. The TOAD lighting device of claim 3, wherein the second
radius is longer than the first radius.

5. The TOAD lighting device of claim 4, wherein the third radius is

longer than the second radius.

6. The TOAD lighting device of claim 5, wherein the fourth radius
is longer than the third radius.

31



adj usting an angl e of incidence between the TOAD
lighting device and an object plane in a first
direction until an area of intense brightness is
substantially renoved froma first side of an inage of
the specul ar surface; recording the adjusted angl e of

i nci dence as a first neasurenent; adjusting the angle
of incidence between the TOAD |ighting device and the

obj ect plRARthAd fit MPRARRY 4 eledarerit bovaxisdardiplr @OAL)

the first direction until the area o;wgﬂi@
lighting ldenisewiths a substantialaspgoulas & N

si.de, of. the i ; e j ng
e pdep dop R o corlsBRARGHIBR oA SricAESind oo
cdmpisimgent ; and determ ning an aligned angl e of

! ahwing ohenblsssesrs bt AR TRHIRY k8
a@cﬁﬁﬁ@ﬁ,qgg‘ﬁf%\‘ér iﬁ'HS{ikgt d ectﬁh%rggtah%eafof wtahse Brighthessisn

€ an I ncidence between the TOAD,
subsdnitiang réeoved framd atfiet sitke et an jinage of dipspewdar surface;

Laanta oo ) e Tl e et ;
and wepIRd e & %ra_{%s%nff o?m%eﬁsé%%%égﬁ#@:z@
I nhe : I8 indli
I gh%ﬁﬁ%ﬁ%ﬁéggﬁ%.&ﬁ% n@hﬁwg?ﬁgiﬁé&i m 8, further

and®the bisjieopplandjinanioppostie diregtian as comprErthitEdIeen

h [ighti .devi . ' . '
or T A B RS s OB oo
séc%n%@&%%?%ﬂé"%ﬁgé srpeashecurimsarfabéy d side of the

I mage o e specular surface; recording the adjusted
angl ecofding dhel eeadjusted angle etingidlgsce @ﬁ@qg?w@z

adj usting the angle of incidence between the TOAD
mqajéHf‘?rﬂﬁ'%d@U ce and the object plane in an opposite

di r egbichhirafig @AMENahed dngld biinsidenoe fordhedirst directianias an
the area of Tntense brightness is substantiall d
approxiroatef differencerhaivean dhejfirst measurempggtand ﬁ}eh%econ
sEecuI ar surface; recording the readjusted angl e of

m FEAER as a fourth measurenent;

8. The method of claim 7, wherein adjusting the angle of
incidence between the TOAD lighting device and the object plane comprises:

selecting an innermost concentric illumination array; and

adjusting an angle of incidence between the innermost concentric

illumination array and the TOAD lighting device.

9. The method of claim 8, further comprising:
adjusting the angle of incidence between the TOAD lighting device
and an object plane in a second direction until the area of intense brightness
is substantially removed from a third side of the image of the specular
surface;
recording the adjusted angle of incidence as a third measurement;
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and determning an aligned angle of incidence for the
second direction as an approxi mate difference between
the third neasurenent and the fourth neasurenent. 33

adjusting the angle of incidence between the TOAD lighting device
and the object plane in an opposite direction as compared to the second
direction until the area of intense brightness is substantially removed from a
fourth side of the image of the specular surface;

recording the readjusted angle of incidence as a fourth measurement;
and

determining an aligned angle of incidence for the second direction as
an approximate difference between the third measurement and the fourth

measurement.
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