An I nspection System Technical Field The invention concerns an inspection
system for three dinensional inspection of mnute objects on a substrate.
Backgr ourmtoabodidiessenvent i on The inspection of packagi ngPCOrSGeiEEODENAI C
devi ces such as integrated chip (1C) packaging is widely used in the

el ectronic industry. ICs, electronic chip or chip packages, such as ball
grid array (BGA) types, are placed inla tray and passed through an

i nspection device. The purpose of the inspection is to nmeasure the
coplanarity (relative hei ghts), Arclospestion Bysterpal i gnnent) and t he hei ght of
each sol der ball on the BGA of an IC chip, or solder bunps on wafer and

die. Asis k dn_ 1 prior art, these height measurenents can be
acconpl i shedq%\éw'f"é@gfep‘fri angul ati on nmethods, interferonetry, and other
non- cont act neasurenents. However all tend to be either conplex, difficult,

i naccurat g orrhgliR¥htioR cbmlrfg%gﬁsp-baioﬁ‘ s%gér?ﬁ'&ogﬁrgg biRRnS&i Qggeﬁh%ﬁ?s on I'Cs

typically use_&lﬁgroucp of sol der "dots, arrange ferent
patterns, to " YHheRIgctsqs asubshaleyi t board. However, if there is a missed
connection, the ICis defective. Common causes for inconplete sol der bonds

i nclude i nsufghi 'g,m(1 nt&isdRt and missing solder balls resulting from
di sl odgenent u'gdlrng (gﬁ'l'cﬁ ."E‘gﬁ'g herefore it is inportant to maintain high

standards of production quality by perform ng thorough inspections of BGAs.
Typi cal | 3;0 i MB@insHectith od packadhighon étecﬁ&’ﬁtfi @eviEBsuRh b@rmdgfhée’iﬁe‘ﬁmhjb)y on a p(rji nt ed
circuit boar . a Vi | S ect e | C can bhe rejecte
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findi ng havethasgh amingiRicion teige. TRE pirpsse ®€tht MEpstlbiis fo AédsLim thdy @ BGA on an

Idgts leg :] :’:lt Esﬂ e g !égp?raé%ng% gg‘%%eg\rﬁilgﬁtls)mcéliﬁéarﬂt (arﬂ%(r:\rtngrﬁt)eéndl%ﬁes t?quh? Qf é%lé:hesct;l elr on optical

ball on ﬂt]e BGA of an IC chip, or solder bumps on wafer and die. As is known in
the prior art, these height measurements can be accomplished by laser
triangulation methods, interferometry, and other non-contact measurements.
However all tend to be either complex, difficult, inaccurate or slow to implement in
a manufacturing setting.
20 ,
BGAs on ICs typically use a group of solder dots, or balls, arranged in different '
patterns, to connect to a circuit board. However, if there is a missed connection,
the IC is defective. Common causes for incomplete solder bonds include .
insufficient ball height and missing solder balls resulting from dislodgement during
25  handling. Therefore it is important to maintain high standards of production quality
by performing thorough inspections of BGAs.

Typically, inspection of a BGA is performed prior to assembly on a printed circuit

board. If a defective BGA is detected, the IC can be rejected instead of rejecting an
30 entire printed circuit board with the IC.

Conventional techniques such as interferometery, confocal and laser range finding

~ have been widely used for inspecting solder balls in a BGA on an integrated circuit

chip or similar structure. Based on precision optical design, these methods might
35 achieve high measurement resolution but they suffer from low measurement

speed. Shadow imaging is highly susceptible to inaccuracies and can lead to

object irregularities proceeding undetected.



achi eve hi gh neasurenent resolution but they suffer from| ow nmeasurenent
speed. Shadow imaging is highly susceptible to inaccuracies and can lead to
obj ect i rwegubarigszes proceedi ng undet ect ed. Ref erri ng t ®@CFiSGaom@/00¢225a pri or
art technique for inspecting heights of a mnute object, for exanple, a
BGA, is a triangulation nethod, in which a |laser beamis precisely directed
onto the top of a BGA ball, and a phoo sensor or inmage sensor is used to
detect the reflected |ighting beam By triangulation calculation, the ball
hei ght of the BDA can be inspected. This nmethod suffers fromlow

resol ution, |ow accurac d lowins d. Figure 1B shows anot her
prior art ted§ieHEgde F é@“g‘i ge%prl’w‘ﬁa@d?@}% %’)}g{%g "g\Dﬁlgﬁ‘ﬁ (ﬁsa g€ o or
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fromlowins n n ferring to Figure 1C, another two-canera
system uses %ﬁc@‘acﬁancﬁ%%b’ééng Spe € BGA device in the nornmal direction is

provi ded. The X and Y di nensions are determi ned and then each row of BGA is
nmoved to a plF@di%t@rdﬁibweﬁlnomsbrﬁdraﬂte%ﬁdq@ 5 1eRD theasurement systans &tlicho Vi ew t he

d f th
top e geslgloOH:[s §§%F‘von? tpreg-%g?agrg s?qgllnqo v:ew e%?%&%rﬁ ﬁ.ﬁ@ﬂ%ﬁ%é}@f o) riation of a

stereo vi 0 0 elTmhna er spec or and
magni fi cat i onerspactivetvisinm, tha MmepsLremenheySIPEETRY Qﬁ%"ed?’ "FPﬁ?tﬂaéﬂecP"%ﬂ‘atw ew, it

i nspects onenj ﬁvgpeéd e bécadde 8 iriag® distoRNEft Abgires predigély Qlositiig then | ow
i nspecti on speed emi.ces

[ chni que 0 precisel
measure and %‘?‘feff"f’rf8mﬁ'g°fa{?ﬂtcabl?'ati%"nutfg°t 'ség?lg §o n%(ta(’)lg%g })%' uspmanner d
Sunmmary of t devideswihthe@alibratechmasterievips. éréme@wdésfm%ﬁom iOM'éF%PeF‘E’"pr ovi ded an
i nspecti Qe Sysbgfionf or three

Referring to Figure 1C, another two-camera system uses one camera to view the
BGA device in the normal direction is provided. The X and Y dimensions are
determined and then each row of BGA is moved to a predetermined position and a
20 second camera is used to view the top edges of the balls from an angle. This
method is another variation of a stereo vision system. In order to eliminate the
perspective error and magnification variation in different positions of the field of
view, it inspects one row of balls at a time. Therefore, it suffers from low inspection

speed.
25
Prior art devices and techniques are unable to precisely measure and verify the
height of minute objects in an expeditious manner.
Summary of the Invention
30

In a first preferred aspect, there is provided an inspection system for three
dimensional inspection of minute objects on a substrate, the system comprising:
a calibration module to calibrate an inspection angle for cépturing an
oblique image of the objects, the calibration of the inspection angle being
35 performed by using one object as a reference;
at least one image capturor to capture a first image of the objects, and to
capture an oblique image of the objects; and



di mensi onal inspection of mnute objects on a substrate, the system
conprising: a calibration module to calibrate an inspection angle for

capt uri ngwerroailiigfae i mage of the objects, the cali brat ipom/seRotstveo22s

i nspection angle being performed by using one object as a reference; at

| east one inmage capturor to capture a first imge of the objects, and to
capture an oblique image of the obj ec?s; andan i nage processor to determ ne
the position of the objects using the first inmage, and the hei ght of the

\(/)\/lbjt ﬁ?t s usi ng thearﬁ’ma' é]%_cés)@&_@@beﬂélmeelhfl poditiohfvethe @bjphts usihg the fieddj ect i s not
hin a predetermned criteria it IS | fi as defective and the
position of f"?‘?@e'cfé‘f’% e@étogﬁ)eggjtectfgsn? té?\?ﬁ?‘i’%@'%gﬁfhe system may further
conprise a tilt nwhereindtherieightodah ebjecdismebithine eredsteriingg g iBS of t he
substrat e. Tblﬁssﬁﬂeh%é&@ecﬁwrﬂtﬁ@ﬁbsm&\M%ﬁﬁde‘f@%ﬁ%’édﬁjﬁ:ﬂé Wetiisg the position and

hei ght of the objects. The inspection angle may be calibrated by observing
the top- pdsition variation of an object in two consequent images taken by
the i nage caphasetemvhanfuttiee cabprseta titsneasurenient rofduterio diegswmeditingt hi n t he

depth of vi e%q?é %Hﬂgstugalta{e(??he%tinb?gglé fﬁ?ﬂ&? GRRWHER BeterhiingSis bédlopy f ur t her

conprise an 11T unination source IlTum nate the objects on the substrate.
The i || uni napddieidhbfthecobify- be a diffused |inear |ight source. The
illum nation source nay be Light Emitting D odes (LEDs) arranged in an arc

or in a lLjine, The ill um i I A Bt &g the i mage.
The illu nairtl'eo'P]Sps?g{?P éég%l%%y g{?%gﬂé{etg gygggé{ﬁ?etﬁbgggg%?i% iqg,pjgy,; gfctg in a rmgi ng
state. The s%?@ﬁwﬂwowﬁﬂ“?@@%%tqk%@@ %é'ﬂﬂgﬁf’%‘?"g?’”"f'}?@"?en‘g‘i_fét capturors nay
have t el ecenfsimdved @?ﬁﬁﬁdist&?ﬁb%lﬂﬂtﬁeid@pth ehsasofetnsapties ofttgrimbgecat i on uniformty
of the images p?f all the objects even though the objective di stances of the
objects are Y% ent. The telecentric lenses ninimses size distortion.
The optical axis of a first inage capturor may be perpendicular to the

pl ane of 1% hetgditeddhay further comprise an illumination source to illuminate the objects

on the substrate. The illumination source may be a diffused linear light source. The
illumination source may be Light Emitting Diodes (LEDs) arranged in an arc or in a
line. The illumination source may strobe when capturing the image. The
ilumination source may strobe to capture a specific object in a moving state.

20
The system may comprise two image capturors. The image capturors may have
telecentric lenses. Telecentric lenses ensure magnification uniformity of the images
of all the objects even though the objective distances of the objects are different.
The telecentric lenses minimises size distortion.

25  The optical axis of a first image capturor may be perpendicular to the plane of the
substrate.
The optical axis of a second image capturor may be at the inspection angle. The
inspection angle is the angle between the optical axis of the tilted capturor and the
plane of the substrate. Preferably, the inspection angle is small, about ten degrees.

30  Advantageously, by having a small inspection angle, high accuracy is achieved
and sensitivity to the shape of the objects is obtained.

The substrate may be a semiconductor chip, printed circuit board, ‘semiconductor
wafer, integrated circuit module or electronic device. The substrate may be placed
35 in an industrial standard tray carried by a transportation mechanism. The

transportation mechanism may be a conveyor system or an XY moving stage.



The optical axis of a second inage capturor may be at the inspection angle.
The inspection angle is the angle between the optical axis of the tilted
capt ur or wocotdaigseane of the substrate. Preferably, theciTrsspestooansangl e
is small, about ten degrees. Advantageously, by having a small inspection
angl e, high accuracy is achieved and sensitivity to the shape of the
objects is obtained. The substrate ne% be a sem conductor chip, printed
circuit board, sem conductor wafer, integrated circuit nodule or electronic

gevi ce. The ?ﬁm}eﬁéﬁﬁayrﬁﬁxol_@& balhsﬁwdfe'r Bund of GekEmtbuings. THE abjeas d trgy carried
y a transportation nechani sm . The nsportation mechani sm may be a
conveyor sysPaypeRraggedas a:h?@Pﬁcba'??é%@ﬁpz‘%f)éﬁméoc?"sayr%{/vg}%ébus der balls or

waf er bunps or gol den bunps. The objects nmay be arranged as a ball grid

array (BG&1), f on B $n QB ¥er S@Rbir or nmay be a
hi gh resol utr%ﬁlngggf#g{mi@gbi@% rﬁ%‘er\\%i?‘{':@.ﬁn Ffdwexag?ri%l g,l a Crhar gg Coupl ed
Mse

Devi ce ( GCD)2 Ehafes aoupled Bories F3merg gr YRY?aspect, there is provided a
nmet hod for three dimensional inspection of mnute objects on a substrate,

the method oL siaGicct Bllt AbliBsh AehAABRREb AeRBBhFntGrRL UT [ ng an
obl i que i mage oFcf_He Oeb] ects, the callbration of the 1nspection angle being
per f or med bymingtepieeinen apybstate.dae methed MRAYRY: capturing a first i mage

per pendi cul ar to d¢disratinglntinspédtio®ingidter cablufres anaobtiquetveagetdf trgue i mage of t he

obj ects; _and det erm ning t ! : | ect i pher first image,
and the M ig?Pf'eci?f {h? ﬁé'bﬁ%fré%t? %3553’.3%‘5’99 H@é tc’)%ﬁe%e&ghﬁr%) ggg%g&t%e irst inmage;
wherein if t#scadeterephe: of an object is not within a predeternmned criteria

it is classified apudff£mbiimegepebehiiculr@sint sabstrate of theobleftend thwe obj ect i s
identified. The method, s .fu_rtnger conprise an initial step of calibrating
the magni fi cH'MEI™398 ¥ PG Capt uror. The method may further conprise
the step of det erdetenninipgthecrosition of e obiegts ssingthe fiistimageand Hedeighthe hei ght  of
the objegds Ee ddfecis@Yihgfd obliqub inidye ahd Ihkirfinragg! es.

wherein if the height of an object is not within a predetermined criteria it is
classified as defective and the position of the defective object is identified.

The method may further comprise an initial step of calibrating the magnification of

20  the image capturor.

The method may further comprise the step of determining the tilting angles of the
substrate. The height of the objects may be revised with the tilting angles.

25  The height of the objects may be calculated by comparing the objects to the height
of the object used as the reference.
The absolute height of each object may be determined by using the absolute
height of the object as a reference. The absolute height may be determined by
other precision measurement methods, such as auto-focus, a laser range finder,

30  confocal, or Interferometry.

Alternatively, the absolute height of each object may be determined by the
combination of its normal value and the measured height variation if the averagé
ball height is very close to the designed normal value.

35
The shape or curvature of the head of the objects may be determined using the

oblique image.



The hei ght of the objects may be cal cul ated by conparing the objects to the
hei ght of the object used as the reference. The absolute hei ght of each

obj ect mayohweoaatssem ned by using the absol ute hei ght ofcrise2alajoeens as a
reference. The absol ute hei ght nmay be determ ned by other precision

measur enent net hods, such as auto-focus, a |laser range finder, confocal, or
Interferonetry. Alternatively, the ab%olute height of each object may be
determi ned by the conbination of its nornal value and the neasured hei ght
variation if the average ball height is very close to the designed nor nal
val ue. The shaﬁe or curvature of tFe head, of the o%’t ects may be determ ned

usi ng the obf¥ BEPIPHRYEINARILSIRE MEH 2 eqPLiresin FAY 'TASSt r at e may be captured in
each i mages. TR oblidukei tnagei maygebeay bhght aarbr ingige  afr @a¢hrwbjectst heatth obj ect' s
head. Advant Rgﬁlﬁtgg%o%sl .dc?arrl}(ﬁ%la ﬁlbﬂinh’!ri](lnqﬁﬂnﬂﬁétésoﬂe'o'b]elz‘l”bd’t‘%t)@ssn(tt'b@mﬁbl ect but
does not adm 1 ght direct y to the canera lens. The system may al so
measur e the tight difeqlyde theypamp@ 1¥s. pl anarity of the objects. In a third
aspect, the invention is an inspection systemfor three di nensional

i nspection of, m nute object i . ) . rising: atilt
nmeasur enent {%easdggmtmc? yr?‘ggsmtf%se‘ﬂgthtg icﬁf 'Pe%é&%hg %ngﬁart'%yhozh%t%%ﬁte, at | east
one inmage capturor to capture a first image of the objects, and to capture

a(r)l _ot)! i quefi {mﬁg%ﬁfasbf&, os) iﬁfehﬁoﬁ @][mh AEpeciBRgSysfeiD G2 2r6é dintendieber M ne t he
position_ of the o cts, using the first, i hei ght of the objects
using thé? ob\"f%fﬁ@"li°$rﬁ'5‘§ma°§lf°§ﬁ3afs}’?sg teltpr%%%%a%o @%'H%ensati on for tjhe
tilting angl e; whefitheasufemehtandduledhmeasuresglitisgjasgle of He gehstralpt hin a

predet ermi ned cri 48sdsPorlelimhge Sdpfufstitd bpilraa fifkfreaieior Meancsdhdpesi ti on of
the defective 8{314 ectb,l s .identified.. The systemnmay further conprise a
cal i bration FAOBYAR ¥ qRhaveinpgs Afhe R A8ecti on angle for capturing an

obl i que i mage of arhimagdprecessor to Heterine the pesition obthetakiects weipg theifiss
15 image, the height of the objects using the oblique image and the first image, and
compensation for the tilting angle;
wherein if the height of an object is not within a predetermined criteria it is

classified as defective and the position of the defective object is identified.

20 The system may further comprise a calibration module to calibrate an inspection
angle for capturing an oblique image of the objects, the calibration of the inspection
angle being performed by using one object as a reference.

In a fourth aspect, there is provided a method for three dimensional inspection of
25  minute objects on a substrate, the method comprising:
measuring a tilting angle of the substrate;
capturing a first image perpendicular to the substrate of the object, and an
oblique image of the objects; and
determining the position of the objects using the first image, the height of
30 the objects using the oblique image and the first image, and compensation for the
tilting angle;
wherein if the height of an object is not within a predetermined criteria it is
classified as defective and the position of the defective object is identified.

35  Advantageously, the present invention enables multiple objects are measured at

the same time to achieve high speed and precise inspection of objects



angl e being perforned by using one object as a reference. In a fourth
aspect, there is provided a nethod for three dinensional inspection of

m nut e obWwechs/mamssa substrate, the nethod conprising: mPas®G2o0y/0a025! ti ng
angl e of the substrate; capturing a first inmage perpendicular to the
substrate of the object, and an oblique i mge of the objects; and

determ ning the position of the obj ectds usi ng the first image, the height
of the objects using the oblique inage and the first inage, and
conpensat i on Brigf Deseziption of the Deawiihgs, wherein if the height of an object is
not within a predetermned criteria it is classified as defective and the
position of the defective object is identified. Advantageousl ¥ t he present
i nventi on endl) 88MAIR ©f % YEoB: Will Jpow b 4dgsFriRgd AWt FRierengeeta thee to achi eve
hi gh speed armdcqmpaoyirgpdrawisgseintwhizh: of obj ect sBrief Description of the
Drawi ngs An I L0V [ L 1] e «descr i ' reference
to thegac'c%\orrpepz';gﬂ.lgglg n@ 3?3\‘7\?%5% ?%&v\.ﬁlg%r\}%na |g}8‘)r0{8€s ?Lfi’%ﬁ@ Qﬁ%oé{?é rgjre a set of
schematic dr #8¥¢R§s of prior art nmethods and devices; Figure 2 is a

schemat i ¢ dr @#ur ot sehepiatd drawing o erdiréedtibodimeht vt the\s§tend gi gur eh3 Is a
two di mensio i e th I nensjonal i nmge. t ur the system
Fi gures 4A a@uféyg%ew@l uég}}s'roaé'ﬁlﬁ?é %? a[ﬁ%et(}r"?edlg'ﬁgﬁé'ﬁs eccalpg'feg%onshi p

bet ween t he MEYHEMof an i mage and the height of an object; Figure 5 is an

i | |'ustratioon Fijured 4AVEhddiBNEB SilusiPeibnd SABE trigbnoetreleBidnsAp Gefvebft@ht | mage of
t he sanme obj ecty ur N tion of an algorithmused for

. ht.o!‘: :ia im ee o aj tﬁ @erll ht Jt lf|1s re . . .
aut omati c determinatione a1t the™P Paney! gles of a wafer; Figure 7 is an
i | | ustrati on Fighregniszngitiysiratiom of scto fdimengigna imaedecof dot abjedt anst & beigtf t he

image of the same object;
Figure 6 is an illustration of an algorithm used for automatic determination of the
15  tilting angles of a wafer;
' Figure 7 is an illustration of an algorithm used for automatic det;armination of the
inspection angle of the tilted camera;
Figure 8 is an example of a back lighting source for height image;
Figure 9 is a schematic drawing of a second embodiment of the system;
20  Figure 10 is a schematic drawing of a third embodiment of the system;
Figure 11 is a schematic drawing of a fourth embodiment of the system; and
Figure 12 is a process flow diagram for three dimensional inspection of minute
objects on a substrate according to a preferred embodiment of the system.

25  Detailed Description of the Drawings

Referring to Figure 2, there is provided an inspection system 10 for three
dimensional inspection of minute objects 11 on a substrate 12. Minute objects 11
include, but are not limited to, solder balls 11, wafer bumps or Ball Grid Array
30 (BGA) 12. The substrate 12 is placed in an industrial standard tray (not shown)
carried by a transportation mechanism such as a conveyor belt 40. Figure 1
depicts the system 10 as it might appear as part of a typical manufacturing
process. The system 10 is part of a chip manufacturing facility (not shown),
specifically, the quality control and inspection part of the operation.
35
The system 10 comprises a calibration module 20, two high resolution digital
cameras (CCD) 22, 23 and an image processor 24. The calibration module 20



I nspection angle of the tilted canera; Figure 8 is an exanple of a back

|l ighting source for height imge; Figure 9 is a schematic drawi ng of a
second emvodwemnissef the system Figure 10 is a schemat iPCTHGaUM4rgo0F a
third enbodi mrent of the system Figure 11 is a schematic drawi ng of a
fourth enbodi mrent of the system and Figure 12 is a process flow di agram
for three dinensional inspection of m fute objects on a substrate according
to a preferred enbodi nent of the system Detailed Description of the
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canera 23. Telecentric lenses el m nat | mensi onal distortion. Als
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ot her canera 2 8a
first lmage and calculates the height of the balls 11 using the oblique image and

the first image. Calibration of the inspection angle 30 is performed by selecting a
ball 11 on the substrate 12 as a reference object. This approach enables
20 calibration to be performed quickly and precisely as only a single ball 11 is used as
the reference object for comparison with all the dther balls 11 on the substrate 12.
Calibration only needs to be performed once for the measurement of balls 11 on a

large wafer prior to inspection commencing.

25  The system 10 comprises a tilt measurement module 25 for measuring the tilting
angle of the substrate 12. This increases the measurement accuracy of the ball 11
as the substrate may be tilted at a small angle for a variety of reasons. The module
25 provides automatic compensation for the tilting error of the system 10 and
enables the system 10 to be insensitive to vibration.

30
The system 10 also comprises an arrangement of light emitting diodes (LEDs) 26
in a ring for illuminating the balls 11 on the substrate 12. The LEDs 26 are able to
strobe the balls 11 or a specific ball 11 when capturing images. A secondary light
source 29 comprises a line or area array of light emitting diodes 29 in an arc or

35  other arrangement to illuminate the balls 11 from the side is also provided to
produce a bright arc of the head of the balls 11. The bright-arc images can be used

SUBSTITUTE SHEET (RULE 26)



an oblique inmage of the balls 1 1 at the inspection angle 30. Wt hout

tel ecentric |l enses, only one row of balls 11 on the substrate 12 is able to
be accur awelyodmasar ed. Using tel ecentric | enses all ows poaiSG2pd4@0028s Of
balls 11 on the substrate 12 to be precisely imaged and captured by the
camera 23 in a single imge. The inmge grocessor 24 cal cul ates the position
of the balls 11 using the first inmage ahd cal cul ates the height of the
balls 11 using the oblique image and the first image. Calibration of the

i nspection angltcﬁde%ninsupehépardmd bbls 19eTrecktandary lightbdurdel29amantlee substrate 12
as a reference I aon to be perforned
qui ckly and prggﬂgygeqty'gg-sgpée% gé\ﬁmg%@%ﬁ%gnn |r2&5@% as the reference

obj ect for conparison with aII the other balls 11 on the substrate 12.
Calibration only needs to be performed once for the nmeasurenent of balls 11

on a | arge ywaf r.to, .ins conprises a
tilt measur érre%fm%ﬁﬁ?p ur%m?%é) ﬁ%ggg%ﬁ%ﬁﬁh{%n% Th?re%)ét%frﬁ’ﬁé the substrate
12. This incr easegsofﬁMHMWPreﬁﬂqﬂﬁh'a%'earha'é";vt dGYef"ﬂ'h@'Oba'lgP”t'lmlT% t he

substrate may Rfowsithd @flardritydor HEBalis ANGliv: BOK 12t0W8meatyedf reasons. The
nodul e 25 provi'des automatic conpensation for the tilting error of the

system 10 and enables the system 10 to be insensitive to vibration. The
system 10 al so FigorepAsefsardrb iusirate fertrgenométri¢ fogita fentietermininadhe beight( LEDs) 26

inaring figr 'loUB!JIBatﬂIH@-’ngLBQAbald‘f@séH]ar@lfhetdﬂEreﬁlH tsbtﬁ&@alldﬁnat?@theLEDS 26
are able to strobethe bal I's r|ng

i mges. A secoffPatyhg F@T?E”%(S’B’F‘é%q%ﬁ?otgjﬁﬁ"&'@gerﬁ 't |sﬁt ” ?836% 3y of 1ight
emtting di odesolé the reflected Sight fromt the topasurfageg enfrithet balls, Wt thenilyraipationhe bal | s

11 fromthe sig T%\tlh% c@*r%?dpécgy'e%ldtﬁeoteﬂééﬁ@féclgnsa Itblg'émﬁrka‘feﬁ AimipRRnhead of
the balls 11. e to etermngo gesape of

the balls 11. PHieRdd gﬁrﬂﬁ Qarf'?s Wg?'g'&f‘f’%'ée %&%b RSB 8RB "Ri gh speed
i mage capt usi ngriatiguiatiog asd tha iangulation eetadiotshipFandimadee accaysed fardalcviatinges, hei ght

di fferences of the Banlall e.&% PHeCuss 6f GG é?léréé%ﬁ‘t%ogrfce%ﬁélﬁé%rl% rl cal

relationships in eterm nation al gorit b
copl anarity of pPﬁ'é—P"E)Qf obiectsrng Heigesaliles)tog '8%“ 'ﬂ%’a‘gd Gresce"t {'Shapd®

figures in only one image. Telecentric lens 22 provides uniform optical
magnification over the entire field of view although some crescent shape figures at
20 top and bottom of the image are defocused. The system can achieve high

resolution and speed measurement. The trigonometric formula is:
hy =y, ~ by )/ M cosa

Ath = z—yl')/Mcosaz[()’z_yl)—(yl"‘yl)]/MCOS(x
=[(y, -y, )-xsina]/ M cosa

25  and a common expression for the height of a ball on the substrate is given as:
ko =[y, -y -x sina]/Mcosa +h,

where x; = 0.
30  and

~ x, is the distance between the i ball and the ball 1;

y, is the image height of the apex of the i ball;
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Figures 4A14B and 5 illustrate the trigononetric formula for determ ning
the height of the balls 11. In Figure 4A, a diffused arc line or area |light
sour ce i |lWormeaiiess2t he top of the mniature objects 11. pChsGral4moensri c
lens is set up at the position to collect the reflected light fromthe top
surfaces of the balls, but the illumnation lighting cannot directly enter
the telecentric lens. It is a dark fiel illumi nation system The three
parties: the Iight source, BGA and canera, are positioned in a

triangul ati on gn, e uliagion relationship and i mages are used for
cal cul ating of ﬁ‘tlgéh%g%ght;*ﬁggei%ﬂt. The use of diffused line or area |ight
sour ce enabl esMtidtie imagnifieatintof tha enebf thdveantdnd 2% 8d and their profiles to be
identified in t crescent flgur ' ' e entric

| ens 22 provi bl D PFRERGBE 1B Aot e Bl % AR BB X BT o

vi ew al t hough #egek crescent shape figures at top and bottom of the inmage
are defocused. The system can achi eve high resol ution and speed

measurenent. The trigononetric forpula Is: i,..10) ) - -y )]
| Mcosa and a cOPMBR '&?E?tg%é'\eofﬂ"?“gaf %Fﬁegterﬂ]e"i"%%eot?tmg JBQ{F%%H T ﬁ"ge;pésdubst rate is
gi ven as: h - waferx ungdrnmaaguremepbsThe saime, pritsipiee cx1 ke @pPiigddio xach s t he

di stance bet weggsitifaté for a R@lped @BEr. FBEm&RLlingkhe titling dngleé bféa WHBRORaf&Iel ght  of
the apex of th ' ba S

i '"h ball:is the height of the i ' L1: M. he
magni fi cati on g? aV¢[agq E’H@‘t 8? b"["{%é" 85?7&?a<§eiﬁ;calgﬁ%}e%arts°urt R paviis sch on angl e
(angl e bet wWeenmbvieg tbeXel 3tad8 agnetiefifed distane wifichtdne obtainad by thgdop. vieW gure 6
iTlustrates thgnfdL FHE RighPmefiBtmib Rl Ng the tilting angle of an unwarped
waf er under measurenent "The sane principle can be applied to each
di e/ substrate %orzﬁwar ped wafer. For nmeasuring the titling angles of a
whol e waf er, O Ax

Ah

— Y
9, &

where:

¢, is the tilting angle in the x directidn; '

15 ¢y is the titling angle in the y direction;
Ah, is the height difference at the two end-positions in the x direction;
Ahy is the height difference at the two end-positions in the y direction;

Ax is the distance between the two end rows of balls 11 in the x direction; and
Ay is the distance between the two end rows of balls 11 in the y direction;
20
Figure 7 illustrates the algorithm used for automatic determination of the inspection
angle 30 for each die/substrate under measurement. An image of any selected row
of balls 11 is captured at a place within the depth of focus of the telecentric lens.
Then the row of balls is moved to a second place which is still within the depth of
25 focus of the telecentric lens and the height image is captured. The inspection angle

is then determined as follows:

R. Ah
a=arcsin( 3d J

30 where
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t he average height of balls in one inage is calculated at four end
positions by noving the X, Y stage a predefined di stance, which are

obt ai ned W9 2béwoitigs vi ew canera. The trigononmetric for melca/sicGR0041006228x
where: fx is the tilting angle in the x direction; fy is theg tTitling angle
in the y direction; Ahx is the height difference at the two end-positions
in the x direction; Ahy \ the height dilfference at the two end-positions in
the y direction; Ax is the distance between the two end rows of balls 11 in
the x directiomn;is tathspyctibsartglee di st ance between the two end rows of balls
11 in the y direction; strates the algorithmused for

] Figure 7 ilJu
automatic det elRm'ﬂﬁ‘FiCB'fPr%gd ’F?Pé““f”h%tjﬁ'é%tt'tfglﬁa'%‘ﬁﬁl e 30 for each die/substrate

under mneasure nt'thé‘ﬁﬁst{aﬂ&%ﬁo@é' ARy selected row of balls 1 1 is captured at

a place within he dep ogcus of the telecentric lens. Then the row of

bal | s i s noved Ahds the sacltmuchefghta@eatiohi ch is still within the depth of focus
of the telecentric I ens and the height inmage is captured. The inspection
angle is then determned as follows: R3 h a = arcsini Dx wherea is the
i nspecti on angFigurer® dusteatastie Prefames A aeimPRisY] f iPBFK BaNtRh&ECYTq PR canera; Dx
I |S| t he di st ancgurisyy el ECRNED féh arsart hght, le@SULED BY difeeteghd av atsjeattit ander Fi gure 8
illustrates a preferr enbodi of t.he ' | . A nunber
of LEDs 80 for &s%ﬁ‘fﬁo ragqu‘el sgah"{ ,Anggghh"ﬁ_@ﬁklg%ogi%gé r{@%ﬂ%i’gé‘%‘tﬁé%m’cfe&@%ﬁil under

the light energy. .

10 .
Referring to Figure 9, this embodiment uses a mirror 50 to reflect the image of the
balls 11 into camera 23 for measuring height. A second camera 22 is used to

calculate the position of each ball 11 as X-Y co-ordinates on the substrate 12.

15  Referring to Figure 10, this embodiment uses three mirrors 50, 51, 52 to reflect the
image of the balis 11 into a camera 23. The fields of view for the two parts of the
image on CCD array 23 may be different.

Referring to Figure 11, in a different arrangement to the embodiment depicted in
20  Figure 6, this embodiment uses three mirrors 50, 51, 52 to reflect the imaging light
of the balls 11 to a camera 23. '

Referring to Figure 12, the inspection process for three-dimensional inspection of
solder balls 11 on a BGA 12 involves calibrating 90 the magnification (M) of the
25 cameras 22, 23. Next, the imaging angle 30 for the camera 23 which captures the
oblique image is calibrated 91 by using a single ball 11 as a reference. After
calibration 90, ‘91, the tilting angle of the substrate 12 is determined 92 in each
direction. The position of the balls 11 are calculated 93 as X-Y co-ordinates based
on the image captured by the camera 22 of the top of the balls 11. The top position
30  or height of the balls is determined 94 using the oblique - image captured by the
other camera 23. The height difference is calculated 95 between each bail 11 and
the reference ball 11. This is performed by an additional device, for example,

Height of Substrate Finder 60, which measures the absolute height of the

reference ball on the substrate 12. The height differences and the tilting angie are

35  revised 96 in to identify if any balls 11 on the substrate 12 are defective. Balis 11
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i nspection at the sanme angle. This illum nation design maxi m zes the
efficiency of the light energy. Referring to Figure 9, this enbodi nent uses
a mrror WO »w/resect the image of the balls 1 1 into eamsGa®@30ins
measuring height. A second canera 22 is used to cal culate the position of
each ball 11 as X-Y co-ordinates on the substrate 12. Referring to Figure
10, this enmbodi ment uses three mirrors!'50, 51, 52 to reflect the inmage of
the balls 1 1 into a canera 23. The fields of view for the two parts of the
i mage on CCD' ayHichyddBotmaset hecedaih fheigandriterRedfe clagsifipdtas defagtivecantiitheir n a
different arr t n Figure 6, this

enbodi nent usZgg@ﬁﬁggh%§#%€$§?gEQQ%WEBmwﬁsgb?gﬁﬁg%t the imaging |ight of
the balls 11 to a canera 23. Referring to Figure 12, the inspection process
for three-di rraflﬁincbeaabpdeaaws;t bersorefskisel idetre dethbtsuinefous naretiBEAnd2r i nvol ves
calibratin t at i t he

i magi ng angl Wﬂﬁﬁga? ay@%ﬁEng)ég%waﬁﬂﬁEgﬁ?ﬂﬁggﬁésaémm%ﬁmagﬁéﬁ% eis

cal i brated 9 Iwithputudspating frem g ecopeior 5F1”t1°fé’!$ igventien: pg Rroadly Hﬁcé?e cal i bration
90, 91, the tifdd B&s@rﬂgérﬂ:dafmehheaéulméréfabe td Dei sordiieetninnelt r&Peitn each
direction. The osition qf %mg balls 1 1 are calculated 93 as X-Y

co-ordi nat es b amﬁﬁ”?ﬂgf? Ee captured by the camera 22 of the top of the
balls 11. The top position or height of the balls is determ ned 94 using
the oblique imge captured by the other canmera 23. The height difference is
cal cul ated 95 between each ball 11 and the reference ball 11. This is
performed by an additional device, for exanple, Height of Substrate Finder
60. which nmeasures the absolute height of the reference ball on the
substrate 12. The height differences and the tilting angle are revised 96
intoidentify if any balls 1 1 on the substrate 12 are defective. Balls
1iwhi ch do not neet a certain height criteria are classified as defective
and their position on the substrate 12 is identified in X-Y co-ordinates.

It will be appreciated by persons skilled in the art that numerous
variations and/or nodifications nay be nade to the invention as shown in
the specific enbodi nents
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Wi t hout departing fromthe scope or spirit of the invention as broadly
descri bed. The present enbodi nents are, therefore, to be considered in all
respect s woloeimatseve and not restrictive. W CLAIM 1. AROTiSG2@ambi2on syst em
for three dinensional inspection of mnute objects on a substrate, the
system conprising: a calibration nodule to calibrate an inspection angle
for capturing an oblique inmage of thelbbjects, the calibration of the

i nspection angle being perforned by using one object as a reference; at

| east one i nageccAM:uror to capture a first imge of the objects, and to
capture an oblique inmage of the objects; and an inage processor to

determ ne the position of the objects using the first inmage, and the hei ght
of the obj ectls usiAndnspetionysteqiier thiee gineapianal imepectionsaf minwigyebiedshey ein i f the
hei ght of an jebbsele, 1h§syg§gmgu,ﬁaﬁg.n .a predetermned criteria it is classified
as defective andthe ve object . is identified. 2. The

syst em accor di ng €& ?’ "% T°d‘1’€hﬂ ﬁgﬁfag%ﬁgrmsgf‘ﬂl@" ngle| for AP APent rodul e
to nmeasure aobliqueiimggervfithe objetthetrsutalibratidre of e Tispectigns tapgte alsirgr di ng t o

claim2, wher g,lfd;mwgy dsirlglonBgbjad gt & rdtstentaed When determi ni ng the posi tion
and hei ght mp the objects, 4. The system according to claim1l1, wherein the

i nspection angl e Ps'® N9 image GartyeP GrRiYre st iraags g © soBT‘ie't?ts to be
i nspect ed perapturageolligpé image ofihe dijextssyret em according to claim 1, wherein

the inspggtion ang) gdgs 8?0‘&9£s8 o WRlefihide - gPQn%TJ?%e éﬁfe%{%rﬂsﬁu KUl Lt”g to claim

1, wherein the inspection angle 1s great 0 ena
neasur enent dFR98ANd the hejght %’9’?{‘@%(&‘&'&9 He qBlique irpaggiany the f‘fsu'r"ta‘ﬁé-r corrprl si ng
an illum nation sahéreia ifttte hdight! 61 anadbfect iB @ctodiihinct fredeterinihed stitbsd 8t e. 8. The

system accor gi, (el 9s G180 dna HEESSRIbR of tHEadid chivBi & AdnirRH! C€ T OT

15 2 The system according to claim 1, further comprising a tilt measurement
module to measure a tilting angle of the substrate.

3. The system according to cléim 2, wherein the tilting angle is used when
determining the position and height of the objects.

20
4, The system according to claim 1, wherein the inspection angle is calibrated
according to the number of objects to be inspected per image capture.

5. The system according to claim 1, wherein the inspection angle is

25  approximately 10°.

6. The system according to claim 1, wherein the inspection angle is greater
than 10° to enable high measurement speed.

30 7. The system according to claim 1, further comprising an illumination source
to illuminate the objects on the substrate.

8. The system according to claim 7, wherein the illumination source for
imaging of object height is an arc or line arrangement of Light Emitting Diodes
35  (LEDs) or fiber bundle.



i mgi ng of object height is an arc or |ine arrangenent of Light Emtting

Di odes (LEDs) or fiber bundle.9. The system according to claim7, wherein
the il umvoavécenissour ce strobes the obj ects when capt ur iPag/Seaaid/onemage. 10.
The system according to claim1, further conprising at |east one |ight
redirector to direct light fromvarious viewing angles into the at | east
one image capturor. 11. The system acddording to claim 10, wherein the
reflective surface is a mrror. 12. The system according to claiml,
wherein the gt | eqsd sk dcBHEIRg EPBAIMI 0 whbraf the NiEhREIDAtsolce keobes 13. The
system accor |ng,to claim1l, m%erein the optical axis of a first of the at
| east one i nitgoPiEEHWISHPIVENGSAGRIMAIPT al |y perpendicul ar to the plane of the
substrate. 14. The system according to claiml, wherein the optical axis of

a second i nage of TIt\J] sf2hn 1%‘3@rﬁrih%m1§aiw@ﬁﬁth6%ﬁ§lﬁg hiSeadt ofilhEred t O the

pl ane of the Substrate. system accordjng, to. cla mlr wherein the
subst rat 5 i sdigectos e disritight domeyaripus Yiewing anales ey ing aﬂ)gefF{j?"esé'}?Pﬁonduct or

waf er, integeahper. circuit nodule or electronic device. 16. The system
according to claiml1l, wherein the objects are solder balls:. 17. The system
according to claim 16, wherein the solder balls are arranged. as a ball grid
array (BGA).118. Thesysiem esroringolodiiaiy 10 WheRinihe reflgeieesuifaeh ¥ &t | east one
i mage capturgrdrS a Charge Coupl ed Device (CCD) digital canera or CMOS
digital canmera. 19. A nethod for three di nensional inspection of mnute

obj ect s &% a substrate, the method conprising: calibrating an inspection
angl e for cap2.uri e systeotActeiding lorpigie Tovhareia et daaplsoneimMRBECIPIF at | on of t he
i nspection apg Seleedni g f or med by using one obj ect

13. The system according to claim 1, wherein the optical axis of a first of the at
15 least one image capturor is substantially perpendicular to the plane of the

substrate.

14, The system according to claim 1, wherein the optical axis of a second
image of the at least one image capturor is at angle a to the plane of the substrate.

20
15. The system according to claim 1, wherein the substrate is a semiconductor
chip, printed circuit board, semiconductor wafer, integrated circuit module or
electronic device.

25 16. The system according to claim 1, wherein the objects are solder balls.
17. The system according to claim 16, wherein the solder balls are arranged
as a ball grid array (BGA).

30 18. The system according to claim 1, wherein the at least one image capturor

is a Charge Coupled Device (CCD) digital camera or CMOS digital camera.

19. A method for three dimensional inspection of minute objects on a
substrate, the method comprising:

35 calibrating an inspection angle for capturing an oblique image of the
objects, the calibration of the inspection angle being performed by using one object

as a reference;



as a reference;capturing a first inmage and the oblique inage of the

obj ects; and determ ning the position of the objects using the first inmage,
and t he hwpghtee/aiissthe obj ects using the oblique i nage amdTiSeeod4roneRs i nage;
wherein if the height of an object is not within a predetermined criteria
it is classified as defective and the gosition of the defective object is
identified. 20. The nethod according b claim19, further conprising an
initial step of calibrating the magnification of an inmage capturor to

capt ure t he i magesaptiririghadirsd image tasd the olliqud meageret the dbjents; andli ng to cl ai m 19,
further conprisin : - QL. 00 I e ate is tilted
at a tilting angl gf?‘teg@’.‘,'ﬁérﬁg p%{oﬂggﬁéa%%%ﬁ%ﬁy}?%ﬁ}%'2%%’ ﬁﬁdﬁéb\%@?ei n the

hei ght of t hefHBrhiestsusing theohliqeeimage #ndithesfirstimageng angl e. 23. The net hod
according tﬁ cl gi Wherdin iMﬁEI?\@QHﬂof_tdﬂ%bié&iiQﬂith wﬁfﬁin_hbféd&binﬁﬁédscriieﬁ?] el c:ch ated by
conmparing_.t he, obj ects 1 he height , t he reference.
2" The &1 norsasBge ke 8 e piion o et GCABIENIRBR heigne of each
object is determined by a trigononmetric algorithmor by auto-focus, by

confocal or by, i ntrRg MRihedBdchiing®d &kl 19 Zrthel BengiBing flinRialcdgding to cl ai m 22,
wherein an abs |Ltlte hei gh{ﬁagf ﬁach obj ect r{e% lg_e eterm nfg’ by combi ni ng
its normal v&?’f?éa'ﬁ%ﬁ’em? VLAY FIET GPROCTEYRL P 6RPY P "eHE RS Bfe bal | hei ght

i S substanti abjests.cl ose to the designed normal value. 26. The net hod
accordi nggto claim 19, wherein the shape of the head of the objects is

determ ned using the oblique jmge. 27.. The nmethod according to claim19,
wherein all fhe O%P%E'thmi)%c?’ﬂ@gé‘lfgaé’i’rﬁ'tf%mleéc‘lf%?ﬂf'ﬂ?3‘8sfeﬁ °gach i mge. 28. An
i nspecti on systeminifigwhetter the sobstretedd titadibt 4 tithgaogle.on of m nute objects on

22. The method according to claim 21, wherein the height of the objects is
15  revised with the tilting angle.

23. The method according to claim 22, wherein the height of the objects is
calculated by comparing the objects to the height of the object used as the

reference.

20
24, The method according to élaim 22, wherein an absolute height of each
object is determined by a trigonometric algorithm or by auto-focus, by confocal or
by interferometry method.

25  25. The method according to claim 22, wherein an absolute height of each

object may be determined by combining its normal value and measured height
variation if the average ball height is substantially close to the designed normal

value.

30 26. The method according to claim 19, wherein the shape of the head of the
objects is determined using the oblique image.

27. The method according to claim 19, wherein all the objects on the substrate
is captured in each image.

35
28. An inspection system for three dimensional inspection of minute objects on
a substrate, the system comprising:



a substrate, the systemconprising:a tilt measurenent nodule to neasure a
tilting angle of the substrate, at |east one inmage capturor to capture a
first imye 2066/t18s20bj ects, and to capture an oblique i PagsGadostohe20bj ect s;
and an i mage processor to determne the position of the objects using the
first image, the height of the objects using the oblique i mage and the
first image, and conpensation for the 16§ 1 ti ng angle; wherein if the height
of an object is not within a predetermined criteria it is classified as
defective and t he plsneasoemenit mddgledemeasuiieetiltivgjaegie of tse subetrdte,f i ed. 29. The

system accor di ng tQ &kedndikSge dapfufd? & cpRIPS ikl i ﬁoﬁ% bBEAL iaﬂ@}gnﬁ?ﬂgl eto

calibrate an insPectl on angl e for capturing an gue 1'nmage o
obj ects, the CHIIGAALNIPS IBFoe g theioRiedE @ on angl e bei ng performed by using
one object as a r efndmegecrrocessor ti\determinedhd pusitivh bERe BbjeRNGHIRBE fiisnspect i on of

m nut e object: . . . ising: asuring,a tilting
angl e of tsﬁe @S s’tthr%z_ihtﬁeﬁ-:g;ﬂ §%’:f;ﬂpfi')}r}t_ g‘??‘%ﬁg&é@?gﬁ'qﬁﬁﬁg eéﬁ%%gr{"solypf%g'gq mage of the
obj ects; and @EPISATANPGhe Wing@ealpt i on of the objects using the first image,
the hei ght of the vejea0 the uéibrﬂgletH&jd\%hbibh&!ﬂﬁthi}\?&ﬂéﬁe@ﬂﬁtpémn@‘ﬁ%ﬁg llr)rgage, and
conpensat i on o nal e; rein if the height of an object is
not within a cﬁ)agge'geé’% grdtﬁ‘te%lyggg? ?’te g??ncjaonio{ ﬁfge{éﬁ’tgggﬁf‘?éﬂ&é’g&&f ective and the
position of the defective object is identified. *

10 29 The system according to claim 28, further comprising a calibration module
to calibrate an inspection angle for capturing an oblique image of the objects, the
calibration of the inspection angle being performed by using one object as a
reference.

15 30. A method for three dimensional inspection of minute objects on a
‘substrate, the method comprising:
measuring a tilting angle of the substrate;
capturing a first image and an oblique image of the objects; and
determining the position of the objects using the first image, the height of
20  the objects using the oblique image and the first image, and compensation for the
tilting angle;
wherein if the height of an object is not within a predetermined criteria it is
classified as defective and the position of the defective object is identified.



