1 METHOD AND APPARATUS FOR DETERM NI NG COPLANARI TY | N | NTEGRATED

Cl RCU T PACKACES FIELD OF THE I NVENTION 5 [1] The present invention
relates to vision inspection systens. Mire particularly, the present
invention relates to a nethod and apparatus for determ ning
coplanarity of three-dinensional features in integrated circuit
packages. 10 BACKGROUND OF THE INVENTION [2] In the field of
mniaturized electronic circuits and integrated circuit packages,

hi gh- preci si on manufacturing and quality control are inportant. There
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reduci ng defects in packaged 15 sem conductor products, which wll
ultimately reduce costs associ aCIRCUIT RACKABEScess. O particul ar
concern is the coplanarity, or relative heights, of three-di nensional
features such as solder balls in Ball Gid Array (BGA) devices or

| eads in Quad Fl at Package (QFP) devices, which are critical to the
per f or ngrEE) OF BHEI INGENTIDORr d. For exanple, if a solder ball has an
insufficient height or is below the average hei ght of 20other sol der
bal s, there will not be any electrical connection between the sol der
ball and its corresponding pad on the circuit board, |leading to a

non- per f e présat inVeABER relates to vision inspection systems. More particularly, the

present invention relates to a method and apparatus for determining coplanarity of

three-dimensional features in integrated circuit packages.

10 BACKGROUND OF THE INVENTION

[002] In the field of miniaturized electronic circuits and integrated circuit packages,
high-precision manufacturing and quality control are important. There is a need for
accuracy in measurements and control of parameters for reducing defects in packaged
15  semiconductor products, which will ultimately reduce costs associated with the process.
Of particular concern is the coplanarity, or relative heights, of three-dimensional
features such as solder balls in Ball Grid Array (BGA) devices or leads in Quad Flat
Package (QFP) devices, which are critical to the performance of a circuit board. For
example, if a solder ball has an insufficient height or is below the average height of
20  other solder balls, there will not be any electrical connection between the solder ball and

_ its corresponding pad on the circuit board, leading to a non-performing circuit board.



2 [003] Several types of inspection apparatus have been proposed.

For instance, U S. Patent No. 7,508,974 discloses a calibration and
part inspection nethod for the inspection of BGA devices for

measur enent of heights of solder balls. Two caneras inmage a precision
pattern mask with dot patterns deposited on a transparent reticle. 5
The precision pattern mask is used for calibration of the system A

| i ght source and overhead light reflective diffuser provide
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of the reticle pattern mask through prisns or mrrors into the second
caner a. irBy0¢ mepiesioropettemamaskevidodop gettemns, deprsiter sy agtrposparennreticle.
val ues of the system can be resolved using a trigononetric sol ution.

The § et Thé erecisionpaditern masisls used &rovaitrationeof thel symtemi oA, lighd dotiloe and
BOA device to be inspected is placed with the balls facing 15
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i mges of the BOA device are processed using a triangul ation mnethod
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reference to a pre-calculated calibrafion plane. 20[004] U S.
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view of the reticle pattern mask through prisms or mirrors info the second camera. By
imaging more than one dot patiern, the missing position values of the system can be
resolved using a trigonometric solution. The reticle with pattern mask is removed after
calibration, and the BGA device to be inspected is placed with the balls facing
15  downward, in such a manner as to be imaged by the two cameras. The images of the
BGA device are processed using a triangulation method to calculate a three-
dimensional position of at least one ball with reference to a pre-calculated calibration

plane.

20 [004] U.S. Patent No. 7,573,569 discloses an inspection system that combines 2-D
inspection and 3-D inspection of the components of an electronic device into one
compact module. The inspection system discloses a 2-D image acquisition assembly

for inspecting 2-D criteria of the components, a 3-D image acquisition assembly for



3 inspecting 3-D criteria of the components, and a conputer for
control and data anal yzing. The 3-D i mage acquisition assenbly
conprises a 3-D inmage sensor and a |light source. The 3-D light source
is preferably a | aser capabl e of generating a planar sheet of |ight
that is substantially perpendicular tod4he inspection plane of the

el ectronic 5 device. The 2-D i mage acqui sition assenbly conprises a
2-D sensor and a 2-D light source positioned above the holder. The
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pl ane, | ane passi rou all intersect along a

l'i ne. 4 [ 7] For exarrpl e, US. Patent No. 6, 671, 397 discloses a

measur enent system having a canera with a | ens and a separate sensor
nmounted so that their planes intersect at an object plane in

acctl dafide] wePhPateat Soh8b6a@301B)y discloskeplaesystemabaneasnee X, gasmda pssitional
normal and provides a two-di mensi onal image which is used by an inmage
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processor to determne the height of the relevant object. A single
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source located opposite the camera.

15
[006] The above inventions suffer from limited depth of focus for the side view
cameras. Some of the inspection apparatuses disclose systems made in accordance
with the Scheimpflug principle. For many years, it has been known that under certain
circumstances, as defined by the Scheimpflug principle, it is possible to simultaneously
20 focus on several things at different distances from the camera, providing that all the
objects of interest lie on a flat plane. Once this condition is satisfied, the object plane,

the image plane, and a plane passing through the lens, all intersect along a line.



10uni form i mage, which hinders the accuracy of the results obtained.
[8] It is, therefore, a notivation of the present invention to

| nprove the accuracy of the neasurenents in vision inspection systens
by producing well-focused i nages of uniformlight intensity. 15 [9]
Any di scussi on of docunents, devices, acts or know edge in this
specification is included to explain the context of the invention. It
shoul d not be taken as an adm ssion that any of the material fornms a
part of the state of the art or the conmon general know edge in the
rel evant art anywhere on or before the priority date of the

di scl os 20 and cI er, I nts as to the date
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information available to a i cants and does not nsti t ut g
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docunents. OBJECTS OF THE | NVENTION 5 010%h I s an object of the

i nvent i BrerseChlodn gbiegt AR ansardgnsar it eobcheimpdaginigciple. A reference

t hree-di nensional features in an integrated circuit nodule to
det €5 nm nametee s eprmaleamb god\edere et tsvo-dinamsitunizh dhage vghishp éx used dyi angnage

processor to determine a calibration image. This allows the image processor to
determine the height of the relevant object. A single image capture provides an image
of the full object, such as a BGA device. However, the image of the full object from the
technique disclosed suffers from non-uniformity issues, resulting in a focused but non-

10  uniform image, which hinders the accuracy of the results obtained.

[008] It is, therefore, a motivation of the present invention to improve the accuracy of
the measurements in vision inspection systems by producing well-focused images of

uniform light intensity.

15

[009] Any discussion of documents, devices, acts or knowledge in this specification is
included to explain the context of the invention. It should not be taken as an admission
that any of the material forms a part of the state of the art or the common general
knowledge in the relevant art anywhere on or before the priority date of the disclosure
20 and claims herein. All statements as to the date or representation as to the contents of

these documenis is based on the information available to applicants and does not



10[011] It is also an object of the invention to provide a nethod and
apparatus for inspecting three-dinensional features in an integrated
circuit nodule to determ ne the coplanarity of the three-di nensional
features on a substrate in integrated circuit packages and whet her
the nodule neets its manufacturing specgfications. 15[012] It is a
further object of the invention to inprove the accuracy of inspection
systens for determning the coplanarity of three-dinensional features
In-an | E?ﬁ&ﬁ@ite.egng' 5&MissidPM! & the corrdcdieds bf the @at¥ehr fcﬂwéi‘ﬁé of these
object of the invention to overcone, or at |east substantially

20anel i @ég‘ﬂ'ﬁ {She di sadvant ages and shortcom ngs of the prior art. 6
[14] Th ﬁEl Ot her obj ects and advantages of the present invention
wi |l becone apparent fromthe follow ng description, taken in
connection with the acconpanyi ng draw ngs, wherein, by way of
illustration and exanple, at |east one enbodi nent of the present

i nvent i @RJECTE o DEEdNVENSUMMARY OF THE | NVENTI ON [ 15] According to
an aspect of the invention, there is provided an apparatus for
detegm ning coplanarity of three-dinensional features on a substrate
of an object. The

[010] It is an object of the invention to provide a method and apparatus of inspecting

three-dimensional features in an integrated circuit module to determine whether the

module meets its manufacturing specifications.

10 [011] It is also an object of the invention to provide a method and apparatus for
inspecting three-dimensional features in an integrated circuit module to determine the
coplanarity of the three-dimensional features on a substrate in integrated circuit

packages and whether the module meets its manufacturing specifications.

15 [012] It is a further object of the invention to improve the accuracy of inspection
systems for determining the coplanarity of three-dimensional features in an integrated

circuit module.

[013] It is a yet further object of the invention to overcome, or at least substantially

20 ameliorate, the disadvantages and shoricomings of the prior art.



10 apparatus conprises a support for the object to be inspected where
t he object has an object plane, a light source for illumnating the
object to be inspected, a first inmage capturing device conprising a
first sensor having a first sensor plane and a first tiltable |ens
having a first lens plane, the first inmpage capturing device being
nounted at a first perspective viewng angle with respect to the

obj ect pl ane for capturing a first side view 15 image of the
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and the second 20 side view inmages captured by the first and the
second Prasgat twpnlion isgliseosets to deternine the coplanarity of the

t hree-di nensi onal features on the substrate, wherein the first

tiltable lens is novable froma first variable angle to a second
variable angle, with respect to the first sensor plane, so that the
first sen 2B IN Tib lens 7 plane substantially

i nt ersegﬂg@gﬁe—mﬁf—gm accordance with the Schei npfl ug
principle and the first side view inmage of the object is in focus
across the whole field of view and of uniformlight intensity, and
wherein eco dtlltablel sm)v le froma first variable
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Schei npflug principle and the second side view inmage of the object is

i n 1®cugpp@iedsss compriopt Psuppertdobthe, peigchitbe finspgictast wheilegthe object has an
intensity. 10[016] According to an enbodi nent of the present

i nvent i ohject p&arep paligittusoures foreliuoomgdingsthe abjedll tod be magpeabeft wr firsy) image
devi ce being nounted at a third perspective view ng angle which is

per pendiapiuding tdevideecarhprésitig pl fasiesdresor Gapingra gt achedrt sians bad d fieg ditable
of the object to be inspected. 15[017] According to another
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and the second 1 mage capturing device are nounted symetrically with

respect obREREV0EWM g ShglERNRiHPRIsPEL B! RB®bject plane for capturing a first side view
15 image of the illuminated object, a second image capturing device comprising a second
sensor having a second sensor plane and a second tiltable lens having a second lens

plane, the second image capturing device being mounted at a second perspective

viewing angle with respect to the object plane for capturing a second side view image of

the illuminated object, and an image processor for processing the first and the second

20 side view images captured by the first and the second image capturing devices to
determine the coplanarity of the three-dimensional features on the substrate, wherein

the first tiltable lens is movable from a first variable angle to a second variable angle,

with respect o the first sensor plane, so that the first sensor plane and the first lens



[018] According to yet another enbodi nent of the present invention,
the first image 20 capturing device and the second i mage capturing
device are nounted asymmetrically with respect to the normal of the
obj ect plane. 8 [19] Preferably, the first sensor and the first
tiltable lens are nounted on a bracket.7 [ 20] Preferably, the
bracket holds the first sensor in a fixed position while allow ng the
first tiltable lens to nove froma first variable angle to a second

vari abl iﬁ@%lﬁ’%é‘l’%ﬁt‘ibll?”ﬁ?é?@&ét éPtHehS?H‘tteE{ Dlarses 8bcdthang with’tHe Scheimpfiug

Pref erably, Irst sensor Is nounted at a first perspective
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nmounted on a second bracket, . [23 referably, t cond . brack
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tiltable |lens to nove froma first variable angle to a second

vari abl @ first ygfaklevpndle taspsecond verablgearme. WERsEsPattaivethe poognd sensor

Preferably, the second sensor is nounted at a second perspective

vi ewb ng ptamgl o diattihe sspent senrsar édansbhredt thet secosdilerprlane gubstantially intersect
at the object plane in accordance with the Scheimpflug principle and the second side

view image of the object is in focus across the whole field of view and of uniform light

infensity.

10 [016] According to an embodiment of the present invention, the apparatus further
comprises a third image capturing device being mounted at a third perspective viewing
angle which is perpendicular to the object plane for capturing a bottom view image of

the object to be inspected.

15 [017] According to another embodiment of the present invention, the first image
capturing device and the second image capiuring device are mounted symmetrically

with respect to the normal of the object plane.

[018] According to yet another embodiment of the present invention, the first image
20 capturing device and the second image capturing device are mounted asymmetrically

with respect to the normal of the object plane.



9 [025] Preferably, the first sensor and the second sensor are
mounted in an opposite manner such that the first sensor and the
second sensor capture opposite side views of the illum nated object.
5[ 026] Preferably, the apparatus further conprises a pair of
reflective surfaces for reflecting the gbject to be inspected into
the first and the second i mage capturing devices. [27] According
to yet another aspect of the invention, there is provided a nethod
for 100 TERLAGAPAEALE hisdardd\he b d BRI 8RS brd GRLHIEE PR thacket.
substrate tn infegrated circuit packages using an apparatus as
described herein. [28] According to yet another aspect of the
invention, there is provided a nethod for determ ning coplanarity of
t hree-di nensi onal features on a substrate in integrated circuit 15

package OQpr,i Si rovi di n.,objpect to he inspected, capturin

Poo o el *Pletp@oia i sl Bodh e it sehpriia Bieiivindion BEe Sliovifly the
capturing devices of the apparatus as described herein and processing,
t he capf”iﬁt é'&?aPWa@% tpomgue dram rfbﬁfféd‘laéi'ﬁglq ppgle to azagcony arighlgeAnglenwith
may al so be said broadly to consist in the parts, elenents, and 20

f eatr esespertiortbe firy sensonplabat ed in the specification of the
application, individually or collectively, and any or all

conbi nati ons of any two or nore of said parts, elenents, or features,
and where specific integers are nentioned herein which have known

[021] Preferably, the first sensor is mounted at a first perspective viewing angle with

respect to the object to be inspected.

10 [022] Preferably, the second sensor and the second tiltable lens are mounted on a

second bracket.

[023] Preferably, the second bracket holds the second sensor in a fixed position while
allowing the second tiltable lens to move from a first variable angle to a second variable

15  angle with respect to the second sensor plane.

[024] Preferably, the second sensor is mounted at a second perspective viewing angle

with respect to the object to be inspected.



10 equivalents in the art to which this invention relates, such
known equi val ents are deened to be incorporated herein as if

i ndividually set forth. BRI EF DESCRI PTION OF THE DRAWNGS 5 [30] In
order that the invention nay be better understood and put into
practical effect, reference will now be nade to the acconpanyi ng
draw ngs, in which: [31] Figure 1 is a lateral view of an
appar atus of an enbodi nent of the present 10invention; [32] Figure

2A s a;bééﬂ]' F’?éfé?éﬂhﬁr{hgfﬁrét & W?rlain'dofﬂ%l g%dohga@r%oﬁ%% od’t"ltétf' irh %ﬁp osite

to a fi | ens W't |eW|n I n accordance with

Schei npt .l u |
1t by 241 BRE ST b e B SRet e R siee%ebﬁ G Fexéém%'t%va'cﬂ%wews of
angle 8.in accord th the Scheinpflug principle; [034] Figure 3A
r epr esef&!! HW'@E%&'BE@‘%V:‘ an image captured with a tiltable sensor
with respect to a fixed lens in accordance with the Schei npfl ug
principle;

5 [026] Preferably, the apparatus further comprises a pair of reflective surfaces for

reflecting the object to be inspected into the first and the second image capturing

devices.

[027] According to yet another aspect of the invention, there is provided a method for
10  determining coplanarity of three-dimensional features on a substrate in integrated circuit

packages using an apparatus as described herein.

[028] According to yet another aspect of the invention, there is provided a method for
determining coplanarity of three-dimensional features on a substrate in integrated circuit
15 packages, comprising providing an object {o be inspecied, capturing two or more
images of the said object using two or more image capturing devices of the apparatus

as described herein and processing the captured images to determine coplanarity.

[029] This invention may also be said broadly to consist in the parts, elements, and
20 features referred to or indicated in the specification of the application, individually or
collectively, and any or all combinations of any two or more of said parts, elements, or

features, and where specific integers are mentioned herein which have known



20 11 [35] Figure 3B represents an exanple of an inage captured
with atiltable lens with respect to a fixed sensor in accordance
with the Schei npflug principle; [36] Figure 4 represents a

| ateral view of an enbodi ment of the apparatus of the 5invention
illustrating the varying fields of vieyof the inmage capturing
devices; [37] Figure 5Ais an illustration of the seating plane
met hod for determ ning coplanarity in integrated circuit packages;

and 10[%@% Ieb%”rr‘? 78 A 18 Which U é ?ﬁ\}e%oﬂf ridBs,” SHEIESHORR Bhéi@ﬁlents are
3 ages.
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BRIEF DESCRIPTION OF THE DRAWINGS

[030] In order that the invention may be better understood and put into practical effect,

reference will now be made to the accompanying drawings, in which:

[031] Figure 1 is a lateral view of an apparatus of an embodiment of the present

10  invention;

[032] Figure 2A is an illustration of a conventional tiltable sensor with respect to a fixed

tens with a fixed viewing angle 8 in accordance with the Scheimpflug principle;

15 [033] Figure 2B is an illustration of a tiltable lens with respect to a fixed sensor with a

fixed viewing angle 8 in accordance with the Scheimpflug principle;

[034] Figure 3A represents an example of an image captured with a tiltable sensor with

respect to a fixed lens in accordance with the Scheimpfiug principle;

20



enbodi ments with reference to the acconpanying drawi ngs. [040] Figure
1 represents an apparatus 10 of an enbodi ment of the invention for

t he three-di nensional inspection of BGA devices. An object 20 to be

i nspected is shown in 20 Figure 1. The object 20 conprises balls 22
positioned on a substrate 23. The objeqt 20 to be inspected nmay al so
be a substrate with three-dinensional features such as leads in QFP
devi ces, etc. The object 20 is supported by a robotic arm (not shown)

t hat gj @ap%%pé taR péb@?g%tggn é{éﬁ@ E%fn%]e na Eaﬁtﬂ With% ﬁl‘e?éﬁg j'gﬂ‘ﬁ with
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IS insp _um' nat ed

i th ot TPERGH O %£L?¢éﬁ¥@°§aﬁ?'k§5®agg%fffﬁgQﬁ? SHCERL Ry b a i ng
| i ght source conprising light-emtting diodes (LEDs), with their

light beamemtted at an inclined angle towards the object 20 to be
inspected. [42] The apparatus 10 may use at least two or three inmage

capturi [@Gjeﬂcﬁ@é 4 YEBreCXMEPA QatefANBERST 49 dhbie)it ioFRBE dpperdtas ta¥nthe
view and two side perspective views of 10 the object 20 as shown in

Figuge i‘nve?i b fuSRaEi Ghedth iﬂg iRl é\‘r\f? W P inthdd CaRiRIEREs; | N

Figure 1 t hough three canheras are s own, a confi guration

conpr|5|ng two caneras 30, 50 is deened mnrkable for the purposes of
perform ng the object of the invention. The camera 40 is nounted
directly bel ow the object 20 to be inspected, where the optical axis

of the {Ygr Eiglbe i SApexr pendiusiladiont of tthe ebatet @fne method for determining

coplanarity in integrated circuit packages; and

10 [038] Figure 5B is an illustration of the regression plane method for determining

coplanarity in integrated circuit packages.

DETAILED DESCRIPTION OF THE INVENTION

15 [039] The present invention will now be described in detail in connection with preferred

embodiments with reference to the accompanying drawings.

[040] Figure 1 represents an apparatus 10 of an embodiment of the invention for the
three-dimensional inspection of BGA devices. An object 20 to be inspected is shown in
20 Figure 1. The object 20 comprises balls 22 positioned on a substrate 23. The object 20
to be inspected may also be a substrate with three-dimensional features such as leads

in QFP devices, etc. The object 20 is supported by a robotic arm (not shown) that



15 The canera 40 includes a |l ens 41 and a sensor 42 | ocated bel ow t he
central area to capture a bottomview of the object 20. [43] The
caneras 30, 50 are nounted at inclined view ng angles to the object
20 to be inspected. The canmeras 30, 50 conprise a lens 31, 51 and a
sensor 32, 52 20 respectively. Each of2the caneras 30, 50 has
separate lens 31, 51 and sensor 32, 52, respectively, that operate

i ndependently such that the lens is tiltable or novable with respect
to the fUE il s Schel iAE] [ T

| ons. 31 o030t er ol o D hARHoR) 5 pBF B Gipt shuy. (e Fifnt A or
respectpvely.held, by .a bracket (not,.sh unted individually on a
support 'Bo'PaZng ?{CE% 'R”b“fh%f%@“? é@%&@%ﬁ%@cfe’s&?“ |table with respect to
t he sensor 32, 52 respectively, until the object 20 to 5be inspected
is in focus across the field of view of the caneras 30, 50. The |ens
31, 51 are then locked into place with |ocking nuts (not shown).

[45] Theeanehasobisbt ADto b iNBYeas hs BRingharidr witldteast! @¢d Tight salrky .24,
or functionally connected to a frane grabber or receiver 33, 43, 53

for gecehyiight 80urcBBgemal e amgri%‘ﬁ%éﬁﬁﬁc’é i rfa;hg ?ﬁht%rﬁﬁﬁrﬁfdibﬂ@%@f%),

data output "to an i1 mage processor 80. Prefera e recelvers

43, 53 i i 3 CLF L i

30, a0, "BEROYP ol bl St &1 i AT Fhilb I TIAE Bol B B FVERLA.

recei ver useful in an enbodi nent of the inventionis a GGABIT ,"

Et her net adapter whose function is to provide transm ssion of inmages

at a speed of up to 1000 Mo/s. A A GABIT Ethernet 15adapter is an

i nterfafm3t andaigparatLs oduaen use 2006adtawohbgthrperimageacprurintddatices| for
example, cameras, o directly image the bottom view and two side perspective views of

10  the object 20 as shown in Figure 1. Three cameras 30, 40, 50 are shown in the

embodiment in Figure 1. Although three cameras are shown, a configuration
comprising two cameras 30, 50 is deemed workable for the purposes of performing the
object of the invention. The camera 40 is mounted directly below the object 20 o be
inspected, where the optical axis of the camera 40 is perpendicular io the object 20.

15  The camera 40 includes a lens 41 and a sensor 42 located below the central area to

capture a bottom view of the object 20.

[043] The cameras 30, 50 are mounted at inclined viewing angles to the cbject 20 to
be inspected. The cameras 30, 50 comprise a lens 31, 51 and a sensor 32, 52
20 respectively. Each of the cameras 30, 50 has separate lens 31, 51 and sensor 32, 52,
respectively, that operate independently such that the lens is tiltable or movable with

respect to the sensor to fulfill the Scheimpflug principle.



caneras. [46] The images captured by the inmage capturing devices are
transferred through the receivers to the i mage processing device (not
shown), which stores and processes the 20 i nages. The i nage

processi ng device nay be an external conputer operatively connected

to the image capturing devices via the1Beceivers. The inmge

processing 14 device conprises the image processor 80, with

associ ated nenory, and configured to obtain three-di nensi onal
information of the object 20 to be inspected. [47] The Schei npfl ug
principle is a geonetric rule that describes the orientation of the

5 plane of focus (focus plane) of an optical imaging system when the

pl ane of044eTherieng B&nd§1prehthle sensnstd3hfiZadi tle cameras p0.adk avs respectively
sensor (sensor plane). Wen an oblique tangent is extended fromthe
sensor pkhkingy adndclet dhbieshdven)axdemeaddndividmtihen|easpmiraoestatbe\Eavhadf the
at a line through which the focus plane al so passes. Wth this

condi t i phs 3, @1aBakabIB) v rdsPatt tosh8ebnsar 3, 1521 rekpedtiielys @REI0he RIbREE 20 to
can be conpletely in 10focus when it is positioned coincidentally

Wi t hg t heefiQetis i %ﬂﬁ-focdﬁ@&ro&%ﬂ&é%%édﬁ@f FRVELES W 400 bl I RPkAs 31, 51

sensors and fixed lens that are in accordance wth the Schei npflug

principl S L0, J: Vi S/ ens to achieve better
focuseda?en%%\ég{j%%ﬁﬂ{éb %‘?’F%W@ﬁ?&‘ﬁg”}*h (bgp?a%@@'i n Figure 2A, the 15
principle is inplenented by tilting the sensor with respect to a
fixed |l ens, whereby the lens has a fixed viewing angle 8 to the

normal of the object plane. Wth reference to Figure 2A, a lens 60

has a | fous] pirapecabieraarsd, t4oe soemay Ghchshd elattiichllg, Biestanieamy, taronctfonally
sensor 62 is tiltable or novable within a range of angles wth

respect chfhddigd 18NS IO Qredber THE ro@Mea 3@,243,05'3%H&bbéavihgvs;rﬁlgm_@?e. The
sensor plane 64 that is parallel to the lens plane 20 61, is tilted

to g po?ééeji\%'s%?ﬁg, ?rﬁ?réﬁ é%aﬁé%a@a l%gﬂ;gﬂg%!%gﬁ%g@%m %5‘32{%)' gﬁtéfgﬂé%ly,

tangent Is extende m t he sehsor p anot her _

tangent ylsXhendsg 15 om Lheoh 803, BBREeOhr dRHiRG imabef ok cameras
30, 40, 50 to the image processor 80 at a high speed. An example of a receiver useful
in an embodiment of the invention is a GIGABIT™ Ethernet adapter whose function is to
provide transmission of images at a speed of up to 1000 Mb/s. A GIGABIT Ethernet

15 adapter is an interface standard introduced in 2006 for high performance industrial

cameras.

[046] The images captured by the image capturing devices are transferred through the
receivers to the image processing device (not shown), which stores and processes the
20 images. The image processing device may be an external computer operatively

connected to the image capturing devices via the receivers. The image processing



15 froma planar object 68 al so passes. Wien this condition is net,

t he planar object 68 that is not parallel to the sensor plane 66 can
be conpletely in focus. In this instance, the central line 63, i.e.,
the |line passing through the centers of the object 68, the |l ens 60
and the sensor 62, is perpendicular toqghe | ens 60. The relationship
bet ween the object 5plane 67, the |lens plane 61, and the sensor pl ane
66, or the Scheinpflug principle, is enbodied by the follow ng

formul ade{v(ﬁ@ oh &r%@s l{ﬁe imalib PrécestOf 88, fithesb¥gtd LrRdrE N chnfigured to

front wor

10

15

20

I ng sta
obtain three-dimensional information of the object 20 to be inspected.

[047] The Scheimpflug principle is a geometric rule that describes the orientation of the
plane of focus (focus plane) of an optical imaging system when the plane of the lens
(lens plane) is not parallel to the plane of the sensor (sensor plane). When an oblique
tangent is extended from the senscr plane, and ancther is extended from the lens
plane, they meet at a line through which the focus plane also passes. With this
condition, a planar object that is not parallel to the sensor plane can be completely in

focus when it is positioned coincidentally with the focus plane.

[048] Image capturing devices with tiltable sensors and fixed lens that are in
accordance with the Scheimpfiug principle have been used in machine vision systems
to achieve better focused images by the prior art. As illustrated in Figure 2A, the
principle is implemented by tilting the sensor with respect to a fixed lens, whereby the
lens has a fixed viewing angle © to the normal of the object plane. With reference to
Figure 2A, a lens 60 has a lens plane 61, and the lens 60 is held in a fixed position. A
sensor 62 is tiltable or movable within a range of angles with respect to the lens plane
61. The sensor 62, originally having a sensor plane 64 that is parallel to the lens plane
61, is tilted to a position where the sensor has a sensor plane 66. When an oblique
tangent is extended from the sensor plane 66, and another oblique tangent is extended

from the lens plane 61, they meet at a line through which the object plane 67 extended



= back working di stance = angl e between the object plane and the
ens plane T= angle between the | ens plane and the sensor plane. 15

[ 049] As described above, tilting the sensor to a desired orientation
with respect to a fixed lens will obtain a focused i nage. However,

for three-di nensional inspection systeng of the present invention, it
has been found that such an approach | eads to serious problens of
non-uniformty. A though the imge of the object is in focus, non- 20

uni f or mioy, gfp) ér&? 4 B §5H daRsbd. i\ﬂ%ﬁ%%t%er@g ﬁ;%ia%%e BRI oBject 68

f eat ures ont ich are critica rm ne

the. magirtrs PResAgE P P o R Pl Hi4° gfetance
he prodBmEehis ol 18 Fothe 1k rsits Friion HESSa S afibe phiesé 68, e efs 60

intensities of the image. Image intensity may_refer to the anmount of
|i ght ranfdbe sansyr &2, ﬁfbpﬂlfpe@ﬁloﬂlfr?é t@tsh%tetnslt‘rp tﬁ@e aelptienshim betwashethe object
viewer or canera. It nay also refer to the light flux per unit area
or the plinecti.dbelleghplaner6limnd theesensor gdane bY, ar theebeheiopflogmeinagiple, is
In practice, this may refer to a focused

embodied by the following formula:

Y
I

tan y = / tan @
u —
i1 1
.._.+_.. [Fg—
u v f
where,
10 f = effective focal length

u = front working distance
v = back working distance
8 = angle between the object plane and the lens plane

¥ = angle between the lens plane and the sensor plane.
15
[049] As described above, tilting the sensor to a desired orientation with respect to a

fixed lens will obtain a focused image. However, for three-dimensional inspection
systems of the present invention, it has been found that such an approach leads to
serious problems of non-uniformity. Although the image of the object is in focus, non-
20  uniformity of the image results in inaccurate detection of certain features on the image
which are critical to determine the coplanarity. An example of the features that need to
be detected on the image is the edges of the balls in BGA devices or the edges of the

leads in QFP devices. Non-uniformity, when used in the context of the present



5image with varying shades of grey to black, which may hinder the
detection of critical features on the imge. [050] In practice,

Fi gure 3A shows an exanple of an inmage captured by a three-

di mensi onal inspection systemhaving a tiltable sensor with respect
to a fixed lens 10 satisfying the Scheigpflug principle. Al though the
image is in focus, it can be seen that the inmage suffers from

non-uni formlight intensities, resulting in the i mage havi ng varyi ng

shades ol B8 rel1k %o RNALREnt MFa@e FHEAR ftggg@ggg.gm%g%g%@%ay

Vi si on | nspect’ion system egrated circu

current invention, on.the other ha I npl.ements the Schej mpfl u

o1 ot oo e e o8 TiaBh St Pusp AL 49 (BiReT SR g rireliien 66 he
t he sensor has a fixed view n %ngle 6 ho t he normal of the object .

pl ane. XEWErNLAMATad 'f May Yap éefeBio g Wzper it gregpstie figRled light
74, and the sensor 72 is held in a fixed position. Alens 70 has a

| ens pl BARUTT argmastsesn| Bha viewersor ¢3mam. elnwprastine athisafgy referdag fosused
with respect to the sensor 20 plane 74. The tiltable | ens 70,

or i ¢ nairmhggeamthngrginpestedpb arfegrénde bokwmhich etayi Bingar tiel ddtection hecritical
sensor plane 74, is tilted to a position where the lens has a | ens

pl ane 7ieatViesorathedpbggue tangent is extended fromthe sensor plane

74, and another oblique tangent is 17 extended fromthe |ens plane
71, they neet at a line through which the object plane 77 extended
froma planar object 78 al so passes. Wien this condition is net, the

pl anar o%#Fct 78 that is not parallel to the sensaor plane 74 can

| ] be
conpl et E13P1i I PRRAtiSS, FiouRi 3A isheiveneR, ©tanePle et #RIIMASReCcarRiurgd By  a ithige-
| i ne passing through the centers of the object 78,
dimensional inspection system having a tiltable sensor with respect to a fixed lens
10  satisfying the Scheimpflug principle. Although the image is in focus, it can be seen that
the image suffers from non-uniform light intensities, resulting in the image having

varying shades of grey. This may affect the accuracy of measurement of the vision

inspection system for integrated circuit packages.

15  [051] The current invention, on the other hand, implements the Scheimpflug principle
by tilting the lens with respect to a fixed sensor, whereby the sensor has a fixed viewing
angle 8 to the normal of the object plane. As illustrated in Figure 2B, a sensor 72 has a
sensor plane 74, and the sensor 72 is held in a fixed position. A lens 70 has a lens
plane 71, and the lens 70 is tiltable within a range of angles with respect to the sensor

20 plane 74. The tiltable lens 70, originally having a lens plane {not shown) that is parallel
to the sensor plane 74, is tilted to a position where the lens has a lens plane 71. When

an oblique tangent is extended from the sensor plane 74, and another oblique tangent is



5 the lens 70 and the sensor 72, is perpendicular to the sensor plane
74. The rel ationship between the object plane 77, the lens plane 71,
and the sensor plane 74, or the Schei nmpflug principle, is enbodied by

the following fornula: u tan 0= - siny f' 111 u' cos' v' cos y f'
10where, f' = effective focal length u4z distance fromthe center of
the object to the center of the lens v' = distance fromthe center of

the lens to the center of the sensor 0 = angl e between the object

pl ane aaféteheedsf &3 e @ngwa%%?;ggr%g%@etbﬁtmmﬁ%ﬂ Wﬂh@%&@&%lér@??

sensor ane Figure sents an exanp
oo gy 05 PR AR PSS B L
object 78 that is not parallel to the sensor plane 74 can be completely in focus. In this
instance, the central line 73, i.e., the line passing through the centers of the object 78,
5 thelens 70 and the sensor 72, is perpendicular to the sensor plane 74. The relationship

between the object plane 77, the lens plane 71, and the sensor plane 74, or the

Scheimpflug principle, is embodied by the following formula:

u' .
tan @ =—siny

N S §
u'cosy v'cosy f°

10 where,
f' = effective focal length
u'= distance from the center of the object to the center of the lens
v’ = distance from the center of the lens to the center of the sensor
8 = angle between the object plane and the sensor plane

15 7 = angle between the lens plane and the sensor plane.

[062] Figure 3B represents an example of an image captured by a three-dimensional
inspection system having a tiltable lens with respect to a fixed sensor satisfying the
Scheimpflug principle. As it can be seen, the image is in focus and of uniform light
20 intensity. No varying shades of light intensity are visible on the image. The accuracy of
measurement of the vision inspection system is improved as the detection of features

on the image of uniform light intensity is more consistent.



Schei mpflug principle. As it can be seen, the image is in focus and
of uniformlight 20 intensity. No varying shades of light intensity
are visible on the inmage. The accuracy of neasurenent of the vision
i nspection systemis inproved as the detection of features on the
imge of uniformlight intensity is nopg consistent. 18 [53] An
enbodi nent of the apparatus of Figure 1 in practice will now be
expl ained. In operation, the inmage processor 80 directs the caneras

35 7 RTAIRATRARTs b L5 ek Ap-0EonE o RRCHEPRE
0 e B ok bbbl 20yl S e sgeof e

t he obj ect that js alsq i focus agross . .the whole field of view

bnd o) GRISCH PP mirpRrERs The Chers ARgan el eleeee adrSt gR view fage of
receiving the first and the second side view inmages, fromthe first
and t hetteebiget 2 st isin foedpaerioss dng whilg field of yigheand oppoifagslighidntensity.
i mges to determ ne the three-dinmensional information of the object

20 t9 béhemapeerack) withpravide asserond Gidepiaw évage iobthe ebjact R0ithayis aso in
the object 20 to be inspected. The inmage represents a two-di nensional

vi ew of fadue ambpecthedbhdie flekl oindpecineldf driforma light ederiditat Tdichiaragegirosessor
of images obtained fromcanera 30 and canera 40, or from canera 50

and canmgpaufifn rekeiting ther®et kABGRE Ribad Nede MdWniBagss, aForddtheditst BAd the
al together, may al so be processed by the i mage processor 80 to obtain

t he thresc&%&%gﬁe@é@}' roPEOIER) | 96 e 1 Bdec?thl Fhagdi 1d RERSAIIAE the

[ 54] Theoretic , for any stereovision Inspection sys

hr ee- di i onal i nf ' v i “devi
or ovi detl By e rgadHHARIaRR, Bt Ao CoNER BB I o LFRAGER, Prflle et 40

di f t Wth ref ta Fi 4. 200 1l ustrati

o L B EPAES Bt S SEBR S AELAY Y BB M Ras «
{he- ob; BUe JSRRSigHist BREUTAG odriptret ad braed Sher dhen pai of
the bottomview canera 91. As a result, the three-di nensional

i nf or maimageoebiained feam captara of Al eaneEnty wdrare caesa BY anggsamera 40, or

the three images obtained from cameras 30, 40, 50 altogether, may also be processed
by the image processor 80 to obtain the three-dimensional information of the object 20

15  t{o be inspected.

[054] Theoretically, for any stereovision inspection system, the three-dimensional
information of a given point or device part may be provided by the two-dimensional
information from at least two different cameras. With reference to Figure 4 as an
20 illustration, a left portion 95 of an object 94 can only be observed by a left side view
camera 90 and a bottom view camera 91, and a right portion 96 of the object 94 can
only be observed by a right side view camera 92 and the bottom view camera 91. As a

result, the three-dimensional information of the left portion 95 can only be derived by



using the pair of the left side view canera 90 and the bottom vi ew
canmera 91, and the three-dinensional information of the right portion
96 can only be derived by using the pair of the right side view
canera 92 and the bottom view canera 91. A top portion 97 of object
94, the part normal to the bottom viewiganera 91, can be observed by
all three 5 caneras, and the three-dinensional information for this
part can be derived by any two of the three caneras or by using al

t hr ee C@g@b%ﬁg i hesr thBget @To%ewg '?deah@ftl‘?é %&h:‘?}r\ng&/ al coﬁ){[ an&l the

portion ght “portion top portion
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e one. Brirchdhe Rl S8 it e SPobrih et A CRTBRREN T GrioPaRier 97
the three-di nensional information of a part, for_exanple, h op

por t i onoboblectOfidhe par narew i thethpitophyview cameie!, cande sbsenved by all three
t hree-di nensional information is nore accurate than that fromany two
came? as camieras, iandathetthee-giniansah infergeation fos thig padmanabet erivies! pp BBy two
Wth respect to Figure 1, the central line 25 of the camera 40 is

per pendof dharthtez thmephsame f usimg abjtbode 28mefde dNbkea Beditnes-diméemsional
perspective view ng angle of one of the caneras 30, 50.
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(0, 90). In practice, e view ng angl es of the caneras 30, 50 are
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g7, is derived from all the three cameras, the three-dimensional information is more
accurate than that from any two cameras. This is another main advantage of using

camera 40.

15
[055] With respect to Figure 1, the central line 25 of the camera 40 is perpendicular to
the plane of the object 20. The angle 6 denotes the perspective viewing angle of one of
the cameras 30, 50. Theoretically, the viewing angle 6 may be any value within the
range (0, 90). In practice, the viewing angles of the cameras 30, 50 are selected in

20 such a way that for BGA devices, the tip of the ball (ball tip) or a point close to the ball
tip should be perceivable on the side view images, and for QFP devices, the
neighboring leads are distinguishable on the side view images. In a preferred

embodiment, the viewing angle would have a range from 25° to 40°. The cameras 30,



5 used to reflect the rays fromthe object into the caneras.
Preferably, the mrrors 14 are placed at inclined angles with respect
to the object 20 in such a manner that the whole object 20 lie within
the field of view and be captured by the caneras. [57] In order to
derive the three-dinmensional informatigp of the object to be
inspected, 10 calibration of the caneras is inportant. In
particular, the internal camera paraneters of individual caneras and
the spa i r TN ey

o ent atr oy Bt sy opfated 8 AtaBeH AR mER Al B E M eircally dbout the
utrlrze% &%ﬁ EA (r) multi-view calibration technique, which may

i nvol ve? A re caneras (see, Solution Guide II11-C, 3D Vision,
Version 10.0, incorporated herein by reference, 15 software avail abl e
from MWTec Software GrbH of Munich, Germany). The nulti-view
calibration nethod calibrates all the caneras at the sane tinme and

forms ajoBBMTD rhike thedapfRiraieN@bre 0oMmPaoRTflastive RMTaEEdTF MigefsuPM may be
coordi nate systen) for reference. This nmeans that whi chever pair of

the gangeas o AEflepiHEN@YSFront tHY &b A@Et ihREHeERE s, IFtetésstly ttﬁaqﬁﬂrr‘o\@M are
the three-dinensional information for different parts of the obj ect

t he 20 o

system btIé[(fere (')'ﬁ]&g'% i r@@ﬁéé%ﬁg?boh %Jeéornaﬁfl on romr%??ﬁat the who!e
parts of,th ect.c conbi ned drrectl to reconstruct t he
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calibration grid conprising a border and an array of precision dots

is presented to the caneras in various poses within the field of view
of the caneras. At each pose, a set of nulti-view i rrages (rrulti-vi ew

i mge sgqg of the calibration grid is captured by the 5 canera

| east t E97dutn order Federiva ihe; thigestimensipnag étfgma@t@ﬂs@‘r the biect & be rr@pected
calibration process. The selected nulti-view imge sets should cover

t he16)\hop@lihrﬁ§¢rdot)ﬂ1aﬁwr@ﬁ is Heperdandr 48 parfjamigr, therinfrinalsaneratpasametare of
vision systemreads the nulti-view inmage sets in sequence 10 to

| ocat e triugvidigals cainehas arlde ther sieatisl Eladiopshipi ©e whathviealposes atpiositiehs psnd
anong the dots on the calibration grid are used to conpute the

i nt er nabrigatatiods )pberoenetise aamerds vardualitichneTas mmahd heocesksat ivtiizes the

poses between the caneras. The resulting paraneters are saved as a
so-cal | ephL crR@®ameiRt-UewnElikation technique, which may involve two or more cameras
(see, Solution Guide llI-C, 3D Vision, Version 10.0, incorporated herein by reference,
15  software available from MVTec Software GmbH of Munich, Germany). The multi-view
calibration method calibrates all the cameras at the same time and forms a common
three-dimensional coordinate system (camera setup coordinate system) for reference.
This means that whichever pair of the cameras, or whichever triple of the cameras, is
used to derive the three-dimensional information for different parts of the object, the
20 three-dimensional information is at the same coordinate system. Therefore, the three-

dimensional information from different parts of the object can be combined directly to

reconstruct the three-dimensional world for the whole object.



15 [060] The inmage points froma nulti-viewinage set that originate
fromthe sane object point are referred to as conjugate points. From
the principle of stereovision, given the imge |ocations of the
conjugate points and the canmera setup nodel, the three-dinmensional
| ocation of the object point in the capggra setup coordinate system
can be conmputed. 20 [061] For a BGA device, the main task is to
detect the conjugate points for each ball in the nulti-viewinage
set. One wants to select a point in each image in the nulti-view 22
i mge set that can be detected consistently to formthe conjugate
poi nt s. alal s i i t j ' L; j
Ldggﬁehba hf)faﬁil%rr]l@hnéorﬁﬁr?slpgﬁ E¥afbdd %{1 %{ria‘gdﬂri??yeéléioﬁ r&%@fs&ﬂ?é&nted
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et oct L S8 STuTRltdew ieBas halTE donumase SbOLYR FRPrAIENgrIE REarBTRL &y the
and within these boundaries standard bl ob analysis is performed to

| ocat e FRBEHDAL Igast ienant of thasermylityiew iRage dgts de: watesien foli tha sakibration
are then projected onto each ball to locate its top and bottom edge

| ocat i opoagest d hewelgrisd Mulitvigmaioyagerseimshhulklecavso thedybsle field bf vigw of the
edge detection windowis projected, centered 10 vertically, to

det ect thmerasgght edge of the ball in the left side viewinmage, the
center of the ball in the bottomview imge if the bottom view canera
is used, and the left edge of the ball in the right side view inmage

up to sub-pixel accuracy. These detected edge points of one ball in

the multi-vyiew.inmge set formits conjugate points. The inmage .

coor di n[aPﬁ@% Biiripae oralan Jgaisign piis regge it mulli-view imaceapis i) skaugpce
model are used to derive the 15 three-dinensional |ocation of the

bal 10t i fp logatenthecdpts mdthirthipbeisisrsi Aaedregise spatialglatipaships among the dots
t hree-di nensi onal |ocations of the ball tips are further used to

det er m ae thdrealdopliamagrid taye obed e chmplte the iB@&thaleaimes pasametrs obadividual
below. [062] To determ ne the coplanarity of the three-dinensional

f eat ur esamprdshend ubstrelatiee poses between the cameras. The resulting parameters are

saved as a so-called camera setup model.

15 [060] The image points from a multi-view image set that originate from the same object
point are referred to as conjugate points. From the principle of stereovision, given the
image locations of the conjugate points and the camera setup model, the three-
dimensional location of the object point in the camera setup coordinate system can be

computed.

20
[061] For a BGA device, the main task is to detect the conjugate points for each ball in

the multi-view image set. One wants to select a point in each image in the multi-view



20 a hypot hetical surface (reference surface) is constructed, from
whi ch the distance fromeach of the three-dinensional features to the
reference surface is neasured. The sinplest surface to develop is a
pl ane (reference plane), but nore general surfaces, such as
parabolic, elliptical, and other highep2order surfaces, can be used.
23 [063] While many techniques are available for determ ning the
reference plane, one that is comonly used is the seating plane

met hod. %@f"f!‘la‘?%aﬂl @é‘@eié%iéboé%%éiﬁgﬁﬁy fo Foth Qﬂﬁﬁéﬁﬁgéttb@mts deally, the

t hr ee- di nensi onal | ocations of t tips, bal |

lying o i fir L D o i L aur e

substr ag 8#'5 ggﬁsb%otﬂgeb%t"et@’ \?\'A\l 'ﬁ‘?ﬁ {Sﬁggbhé@f%& %@W roggp:énbgf‘“bﬁn Z{?%Cétg{g | Hbe true ball
pl ane 1Q0. The seating plane 100, is defined by at |east three or nore
bt "t he BRIMAY e A BrRtAECY Sl g ma0and HRIer THE SRR SR AP gapiE made
each ball, using this nmethod, is the distance fromthe tip, of the

bal | toCloge esesB g the He balldip byougins Broner igbting and CABEra yiewing angles. In
determ ning the reference plane that is also conmonly used is known

as the eegh gvsgein feamsiltimeenoithagissethedae idetaxitigorie fiss, parformeddo idstedtdhe
based on the | east mean square regression analysis. The analysis

yi el ds bobmeddrids bf shef dedcgl ane Witkeigr #sseobophdares stmdbrorlotheanalysis is
t hree-di nensi onal |ocations of the ball tips, in which sonme of the

ball's | E@rf@rb@é@_t@lﬁba@é ey grdsjsgad@imﬁ bgctpbame Twihed§e Rletstlibh twin@bws are
15each ball, using this nmethod, is the distance fromthe tip of the
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[ 65] The present 1nvention makes use of both nmethods to determ ne

copl anagily-0f FRSRendid RS LG, 4 BUERR Q&teBiSH RAIdAN B projected, centered

10  vertically, to detect the right edge of the ball in the left side view image, the center of the
ball in the bottom view image if the bottom view camera is used, and the left edge of the
ball in the right side view image up to sub-pixel accuracy. These detected edge points
of one ball in the multi-view image set form its conjugate points. The image coordinates
of these conjugate points, together with the camera setup model are used fo derive the

15 three-dimensional location of the ball tip in the camera setup coordinate system. And
the three-dimensional locations of the ball tips are further used to determine the

coplanarity of the balls in BGA devices as described below.

[062] To determine the coplanarity of the three-dimensional features on the substrate,
20 a hypothetical surface (reference surface) is constructed, from which the distance from
each of the three-dimensional features to the reference surface is measured. The
simplest surface to develop is a plane (reference plane), but more general surfaces,

such as parabolic, elliptical, and other higher order surfaces, can be used.



20 [66] The present invention has been described above with the aid
of functional building blocks illustrating the inplenentation of
specific functions and relationships 24 thereof. The boundaries of
t hese functional building blocks have been arbitrarily defined herein
for the convenience of the detailed deg@ription. Alternative
boundaries can be defined so long as the specific functions and

rel ati onshi ps thereof are appropriately performed. 5 [67] Although

t he invention has been herein shown and described in what is
conceived to be the nost practical and preferred enbodinment, it is

recogni skt Miiedﬁ%ﬁgftt%ﬁﬁiqﬁéé‘laP@_a@Bﬁ@olé“fBPB@t{%ﬁ@iﬁ%Q@@ r@fe_r%rgt% plane, one

i nvention, which is not to'be limted to the escri erein

but 1 YRS CARGRIAPHLER: Fil oot RERIAL b PRE0ded hl B A8n58 A o

to enbrace any an evices and app

"Conprises/conprising” when used in this cification is, taken to.
spec! fy SHRASH Bk sk Tepe e apbRShaPerRE® ThbegIts, a3l e Bats Ring on
conponent s but does not preclude the presence or addition of one

' ne_ | Of or
mor €9 ot RBE F&xC0IRE suffage s showndpdigwsnponkie: sukstraie g s priantrd wigh. the
balls 101 resting on a seating plane 100. The seating plane 100 is defined by at least

three or more of the balls resting on the seating plane 100. The coplanarity of each ball,

using this method, is the distance from the tip of the ball to the seating plane 100.

10 [064] A second method for determining the reference plane that is also commonly used
is known as the regression plane method. As shown in Figure 5B, this method is based
on the least mean square regression analysis. The analysis yields a best fit surface
plane (regression plane) 105 from the three-dimensional locations of the ball tips, in
which some of the balls lie above and others lie below the plane. The coplanarity of

15 each ball, using this method, is the distance from the tip of the ball to the regression

plane 105 or to a shifted regression plane.

[065] The present invention makes use of both methods to determine the coplanarity of

three-dimensional features on a substrate.

20
[066] The present invention has been described above with the aid of functional

building biocks illustrating the implementation of specific functions and relationships



25 CLAIMS: 1. An apparatus for determ ning coplanarity of

t hree-di nensi onal features on a substrate of an object, conprising:

a support for the object to be inspected where the object has an

obj ect plane; 5a light source for illumnating the object to be

i nspect ed,; a first image capturipg device conprising a first
sensor having a first sensor plane and a first tiltable | ens having a
first lens plane, the first inage capturing device being nounted at a
firSt PHSABEC! I 1R HobHtBlea ! fielt ! fint sl Shuilhd Mokl G5le MedCalififarily
capturing a first side view inmage of the 1llum nated object; 10a
second | UL | CE: X! e s ' .
Second SOMaS e e S oY (B SR ISR 2B g hngaries
pl ane, the sec i jrage, capturing device being munted at a second

Per specERycbt: R 2ol Ethidth TR PRATE SOTHETsoRat. i thshipg, tercof are
capturing a seéigd side view image of the illum nated object; and

an i mag@PpoplatelypeReimestocessing the first and the second side view

i mges 15 captured by the first and the second i magi ng capturing
deviges to determne the coplanarity of the three-dinensional

features on the substrate, wherein the first tiltable lens is
movabl e[dé?‘j’”ﬁgh{gq:g{rﬁtth&afnbémiﬁ Rl ®ebf ﬂeﬁe%"%vb/rﬁr P RsBRHLE in Mvhe

respect 'to't st sensor ane, so that the first sensor plane and 1S

the fir n e, substantially _interse the object plane.in

coor daneae it BB BBt Hrflcg st Eeaftie, MpdchlimBht 3f s Peiieel) tat

| Tage Oéeégﬁurggjc%%tbé lsnaldg vLi%H%hgggggg o% 91ee invention, which is not to be limited to
the details described herein but is to be accorded the full scope of the appended claims

10  so as to embrace any and all equivalent devices and apparatus.

[068] “Comprises/comprising” when used in this specification is taken to specify the
presence of stated features, integers, steps or components but does not preclude the
presence or addition of one or more other features, integers, steps, components or

15  groups thereof.
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ield of view and of uniformlight intensity, and 26

the second tiltable Iens is novable froma first variable
0 a second variable angle, with respect to the second sensor
so that the second sensor plane and the second | ens plane
tially intersect at the object BPane in accordance with the
flug principle and the second side view inmage of the object
focus across the whole field of view and of uniformlight
OLAIMSB: The apparatus according to claim1, further conprising
i mage capturing device being nounted at a third perspective

anglg whi ch is Per endi cul ar t thf ogj Ect )| ane, fOT
Ag a DBt BEBRRGISW I nagE BNt COBIFNEELY ©b B HEREsioRg! fegiurep on a
aratus according to claim1, wherein the first inmge capturing

gvesttate of ap ohieqt.eeyertsidur i ng devi ce are nount ed
ically with respect to the normal of the object plane. 154.The

us ac ' | aui - i i JL .
o RSEBR TS BN b IR el S on g AR e
rically with respect to the normal of the object plane. 5.The
us acadigti sgurte farl ibuminafingites ebject foebd inspectsgnsor and t he

Il table

a first image capturing device comprising a first sensor having a first sensor
plane and a first tiltable lens having a first lens plane, the first image capturing device
being mounted at a first perspective viewing angle with respect to the object plane for

capturing a first side view image of the illuminated object;

a second image capturing device comprising a second sensor having a second
sensor plane and a second tiltable lens having a second lens plane, the seccnd image
capturing device being mounted at a second perspective viewing angle with respect {o

the object plane for capiuring a second side view image of the illuminated object; and

an image processor for processing the first and the second side view images
captured by the first and the second imaging capturing devices fo determine the

coplanarity of the three-dimensional features on the substrate,

wherein the first tiltable lens is movable from a first variable angle to a second
variable angle, with respect to the first sensor plane, so that the first sensor plane and
the first lens plane substantially intersect at the object plane in accordance with the
Scheimpflug principle and the first side view image of the object is in focus across the

whole field of view and of uniform light intensity, and



20l ens are nounted on a first bracket. 27 6.The apparatus according
to claim5, wherein the first bracket holds the first sensor in a
fixed position while allowng the first tiltable lens to nove froma
first variable angle to a second variable angle with respect to the
first sensor plane. 57.The apparatus aébording to claim1l, wherein

the first sensor is nounted at a first perspective viewing angle with
respect to the object to be inspected. 8. The apparatus according to
claim1l, whendiereihhite sessckitdhs@hsadthdvablesasrdirbt Varbleahgiaso arsecond
nounted on a second bracket. 10 9. The apparatus according to claim

8, wher ghAatiBea é,oﬂﬁh%§%é§&ttohMed§eéd?f@ S8UIDISRESES that thel s¥&Fhd sensor
position while allowi ng the second tiltable lens to nove froma first

vari abl gj@%'aﬁf‘é%@ X AR R e s%ﬁbg{a‘?wti‘é‘w hn{e‘?éé%‘?cét & etgﬁﬁeét[ef?g% in

sensor appar at s according to claim 1, érern

second %{%g r@%a&% mﬁﬁ gﬁé ﬁ%h%@n ﬁw@g@@%ﬁ%@ GhaRks Eéat‘:’c? hd' éig\é“vp %‘%eeo%'\f-htehobject

r espect

5 isin focus across the whole field of view and of uniform light intensity.

2. The apparatus according to claim 1, further comprising a third image capturing
device being mounted at a third perspective viewing angle which is perpendicular to the

object plane for capturing a bottom view image of the object to be inspected.

10
3. The apparatus according to claim 1, wherein the first image capturing device and
the second image capturing device are mounted symmetrically with respect to the
normal of the object plane.

15 4. The apparatus according to claim 1, wherein the first image capturing device and

the second image capturing device are mounted asymmetrically with respect to the

normal of the object plane.

5. The apparatus according to claim 1, wherein the first sensor and the first tiltable

20 lens are mounted on a first bracket.



11. The apparatus according to claim1, the first sensor and the

second sensor are nounted i n an opposite manner such that the
first sensor and the second sensor 20capture opposite side views of
the illum nated object. 28 12. The apparatus according to claim1,

further conprising a pair of reflective surfaces for reflecting the
obj ect to be inspected into the first a@dd the second i nage capturing

devi ces.

513. A nethod for determ ning coplanarity of

t hree-di nensional features on a substrate in integrated circuit
packages. usi Mheadipmparsabcréhgcloachin. 5 14hardirtthadirkDbrattkeemvldy fg first
coplanarity of three-dinensional features on a substrate in

i ntegr a"séﬁsd}' ih @UedRERRBOF Rl S ANBWihS tDfirsl QRaIN 'Ié?H% rﬁﬁvé’ﬁbﬁﬁé fits? vhRable
i nspect ed; capturing two or nore inages of said object using
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7. The apparatus according to claim 1, wherein the first sensor is mounted at a first

perspective viewing angle with respect to the object to be inspected.

8. The apparatus according to claim 1, wherein the second sensor and the second

tiltable lens are mounted on a second bracket.

9. The apparatus according to claim 8, wherein the second bracket holds the
second sensor in a fixed position while allowing the second tiltable lens to move from a

first variable angle to a second variable angle with respect to the second sensor plane.

10.  The apparatus according to claim 1, wherein the second sensor is mounted at a

second perspective viewing angle with respect to the object to be inspected.

11.  The apparatus according to claim 1, the first sensor and the second sensor are
mounted in an opposite manner such that the first sensor and the second sensor

capture opposite side views of the illuminated object.



processing the captured inmages to determ ne coplanarity. 1515. An
apparatus for determ ning coplanarity of three-di nensional features
on a substrate of an object, conprising: a support for the object to
be inspected where the object has an object plane; a |ight source for
illumnating the object to be inspected; a first inmage capturing
device conprising a first sensor having8a first sensor 29 being
nounted at a first perspective viewng angle with respect to the

obj ect plane for capturing a first side view imge of the illum nated

object;12. The @pp%?ﬁl@@da&dﬁigiﬁﬁcﬁptc%ﬂnng, lFafthéer BBHIpHSthgh Bai® €60 fsflective
perspective view ng angle which is perpendicular to the object plane

for capturidg forhet arﬁngﬂh%%tsg@a% 6L itdirechid hﬂmtﬁﬁtfﬁ& ki g?éiv fseé’v&‘ih image

an i mage processor for processing the first and the second vie

i mges he first and the second i magi ng capturing devices
to det e§%ﬂﬁ§ﬁ§ﬂg%g%| anarity of the three-di nensional features on the

substrate, wherein the first tiltable lens is novable froma first
vari able angle to a second

5 13. A method for determining coplanarity of three-dimensional features on a

substrate in integrated circuit packages using an apparatus of claim 1.

14. A method for determining coplanarity of three-dimensional features on a

substrate in integrated circuit packages, comprising:
10 providing an object to be inspected,;

capturing two or more images of said object using two or more image capturing

devices of an apparatus of claim 1; and

processing the captured images to determine coplanarity.

15 15. An apparatus for determining coplanarity of three-dimensionai features on a

substrate of an object, comprising:
a support for the object to be inspected where the object has an object plane;
a light source for illuminating the object to be inspected;

a first image capturing device comprising a first sensor having a first sensor

20  plane and a first tiltable lens having a first lens plane, the first image capturing device



10 variable angle, with respect to the first sensor plane, so that
the first sensor plane and the first |ens plane substantially

I ntersect at the object plane in accordance with the Schei npflug
principle and the first side view inmage of the object is in focus
across the whole field of view and of uniformlight intensity.

10

29

being mounted at a first perspective viewing angle with respect to the object plane for

capturing a first side view image of the illuminated object;

a second image capturing being mounted at a second perspective viewing angle
which is perpendicular to the object plane for capturing a bottom view image of the

illuminated object; and

an image processor for processing the first and the second view images captured
by the first and the second imaging capturing devices to determine the coplanarity of the

three-dimensional features on the substrate,

wherein the first tiltable lens is movable from a first variable angle to a second
variable angle, with respect to the first sensor plane, so that the first sensor plane and
the first lens plane substantially intersect at the object plane in accordance with the
Scheimpflug principle and the first side view image of the object is in focus across the

whole field of view and of uniform light intensity.



