
\ryo 2013/059223 PCT/US2012/060480

High Speed Autofocus System

TechnicalField

This invention generally relates to the optical inspcction of clcctronic pafts and

more specifically to an autofocus system for use in such optical inspection.

5 Background Art

Optical inspection of electronic pafis such as such as r,vafers, circuit boards, flat

panel displays, multi chip modules, and high-density electronic packages requires the

use of high resolution optics to detect small defects in the part. Tn addition the high

resolution optics parl must be kept in focus during the entire inspection to see the

I 0 clefects. FIG. I is the example of a part I -l with variations in surface height Z in both

thc scanning dircctìon l-2 and in an olthogonal dircction relativc to thc scanning

direction. Newly introduced circuit boards with embedded dies are examples of such

pafts and are recognized as being difficult to image because the surfaces being imaged

are subject to height variations caused by the embedded die or circuits placed on and

l5 between the substrate layers and the recognized characteristics that tlie substrate itself

r¡i'ill warp.

FIG. I is helpful in understanding problems that exist when prior afi apparatus

is lequired to image defects in various pafts. ln the prior afi, a cameta, uot sholtt,

scans over the surface of a part in a scanning direction 1-2. As the scan images an area

20 such as shown in FIG. I which is transverse to the scanning direction 1-2, the image

taken by the camera must be in focus. The parl shown in FIG. I has a range of height

variations, shown by arrows 1-3 that must be within the depth of field of the camera

optics. With prior aft imaging appalatus, a pafticulal focus point selected for the

camera could arbitrarily be at the top l -5 of or the bottom I -6 of the part or at any

25 intermediate position. Given this, optics design of the imaging optics sets the required

depth of fìeld, preferably twice the distance between the top 1-5 and bottom l -6 of the

pafi as shown by arrows l-7 and l-B that depict a depth that rvill cover the range of

height variations. However, as known and described in greater detail later, tbe depth

of field for an optics system also determines the resolution of the image. Such

30 resolutions often limit image quality that rvill prevent the detection of small defects in

the part.

To inspect the part for defects a camera is frequently usecl to scan the part in a

serpentine pattern as illustrated by the contiguous stdps A through E in FIG. 2. Tltc

width of thc camcra's ficld of vicw is rcprcscntcd by rectanglc2-1. Various
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techniques have been described in the art to maintain focus during such inspections.

U.S. Patent No. 7,015,445 to Bishop for "Method for Optimizing Inspection Speed in

Low, and Fluorescent Light Applications without Sacrificing Signal to Noise Ratio,

Resolution, or Focus Quality" describes the use of a triangulation sensor to maintain a

5 constant distance between the imaging optics and part as the part is scanned. FIG. 3

shows a v/avy part 3-l at an incline 0, imaging optics 3-2 and an imaging camera 3-3.

As the part is scanned the imaging optics 3-2 and imaging camera 3-3 are raised and

lowered as a unit to keep the surface of the part within the optical depth of field 3-4 of

the imaging optics. Conceptually the pafi, the optics, or the combination of the optics

l0 aud camela can be moved to maintain focus.

FIG. 4 shows the use of a triangulatiou sensor with an optical soulce 4-l ,

illumination beam 4-2 and position sensor 4-3. The triangulation sensol scans ahead

of the camera as indicated by arrow 4-4. The position at which optical beam 4- 5 hits

the position sensor indicates the distance to the part 4-6. In this FIG. 4, the imaging

I 5 camera optics has a depth of field (DOF) 4-7. This distance measurement is used in a

feedback loop to mechanically move either the imaging optics or the part relative to

each other to maintain focus. FIG. 5 shows how the position of the beam onto position

sensor 5-l moves as a function of the distance to the part. Three sudaces at different

<listances represented by surfaces 5- 3,5-4, and 5-5, are projected onto sensor 5-l at

20 positions 5-3' , 5-4' , and 5-5' respectively. These distance measurements al'e used in a

fccdback loop mcchanically to move either the optical head or the parl as a function of

the measured height to majntain focus.

Thcre arc two limitations to these focusing mcthods. Firsl, if an illumination

bcant 4-2 in FIG, 4 hits thc parlàt a matedal boundary thc distancc mcasurcmcnt may

25 bc incorrect. Rcfening to FiG. 6 and specifìcally to FIG. 64, whcn optical bcam 6-l

from the triangulation sensor hits highly rcflectivc material 6-2, the entirc illumination

spot 6-3 sits on material 6-2.The image of this spot creates a symmetrical shaped

beam 6-4 on seusor ó-5. If the material beneath the sensor now changes, as the pall is

scanned to one with a lower reflectivity, represented by 6-6 in FlG. 68, a lower

30 intensity spatially symmetrical spot represented by 6-7 is projected onto sensor ó-5.

So long as projected spots 6-7 and 6-4 are spatially symmetrical, the cenler of mass of

the spots,'uvhich rcpresents the distance to the par1, will be the same and the conect

focus distance will be calculated. If, however, the illumination spot 6-3 falls on a

matelial boundaly as in FIC. 6C, it is spread between highly l'eflective malerial6-2

2
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and lorver refleclive r¡aterial 6- 3. ln this event, the spot projected onto the s€nsor will

lot be synrruetrical and the distauce to the part rvill be inconectly caloulated to be at

position 6- 8 rvhen the conect distance should be at position 6-7 because tlrc center of

nass of the spot no longer represenls the correct distnnce to the part

Second, in FlG. 7 an irnagilg caùrera 7-l rvith inraging optics 7-2 rrroves in the

focus dirootion along a Z axis 7-3 lo naintain oonstanl distanoe lo the surface of part

7-4 rvhile focus distance is adjusted dylralrically ns the pnfl is scn¡uled in tlre Y

direction, Focus dislance for the enlire inraging canlora is based on a series ofsingle

poinl neasurentents along a lìarow line in the direction of scal. No nleasurenrelts are

taken perpendicular lo the direclion ôf scan, This inrplies lhat across the rvidlh of the

caulera, or rvidth ofeach scarurod strip A -E shorvri in FIG. 2 all feahlres o¡r the

surface úust lie rvithin the optical depth of field of the inragiug optics indicated by

arrou 3-4 jn FìG, 3. As rvill be apparent any featule not rvithin the depth of field rvill

be out offocus.

As thc part is scauncd, lhe focr¡s nreasurenlent unit nray pass over high or lorv

foaturesinthepart. Soruefocnsdistancosruaybecalculatedbasedo¡rthcdistancotoa

high feahre rvhile otlter focus dislances ura¡, be calculated based on the distance to a

lorv feature. Tlris inrplies tlrat the optical depth of field of the imaging optics rnust be

srrfücienlly large to insure proper focus regardless of rvhether a high or lo'w feahrre

rvas beneatlt the focus ueasurenlent r¡nit at the time rvhen tlte focus rrìeasu¡€¡ìlelìt ìras

calculatod. Calculating focus based only ou nleasurenout values alorrg a line in the

direction of scau rvill have this li¡¡itation, iegardless of. hou' uran), rueasureulents are

acquired, horv fast the calculations are courputed, the specific ¡nethod ofnreasurenleul

or t1,pe ofnreasuren¡e¡ìt device.'A prefened device is a siugle point lriangulatiorr

sertsor; single-point confooal serìsors, single point capacitive sensors and oûrers may

be substituted depending upou llre perfonrrance criteria to be provided b¡,the

rnspectlon opparahts.

For cune¡tt focus trackirtg technotogy to properll'function the deplh of focus o[

the intaging oplics, ildicated as arros'8-l in FIG. 8, uiusl be snfficientl¡,large to

guararlcc focus for all the possiblc features hcights llrat uray bc uscd lo calculatc lhc

focus distance. It is importarrt to note that FIG. I represenls the surface of the part in

the X axis l'lrich is pèrpendicular to the direclion of uechauical scan. FIG. 8 also

represents the image projected onto the long axis of a linear CCD scan ca¡nera as

represented by block 2-l in FIG. 2 Unfortunately requiring this large depth of field

AMENDED SFIEET - IPEA/US
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seriously limits the spatial resolution and defect detection capabilities of the inspection

system. More specifically, the optical depth of focus (DOF) is given by the equation:

À
DoF = zNAz

and Resolution is given by the equation:

À
Resolution

2NA

where:

5 I: Wavelength of light imaged onto the camera, and

NA : numerjcal aperture of the imaging optics

As known and demonstrated by the foregoing relationships, largc depth of

focus (DOF) requires a small numerical aperture (NA) while high resolution rcquires a

large numerical apcrture. As (NA) becomes smaller, thc levcl of light reaching the

l0 imaging camera, also decreases and this impacts the contrast in the final image. These

criteria impose limitations on the inspection of pafs that can prevent the construction

of imaging optics with both a large deplh of focus and a high resolution. As will be

apparent, if the part being inspected must stay in focus, cunent inspection systems

sacrifice the resolution of the imaging optics which thereby inherently limits the ability

l5 to detect small defects.

Table I is a list of commercially available lenses from the Zeiss Corporation.

The table lists the depth of focus, numerical apefture, resolving power, light collection

coefficient, light collection cone angle, workng distance magnification and part

number for each lens.

20
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Tnblc I Commcruially Avnilnble Objætivc Lcnses From Zei¡¡

lvl¡gfilic¡l¡or/
pircl eizc
(micrcro)

?.cits
Part

Numbc¡

Nu¡¡etical

^prlurê

(ì.,rA)

Liglt
(bllcclim
Coeflìcicnl

(NA,)

Lien
Collcc¡im

Conc Anglc
(degrees)

o=z\!¡nr(N,1)

Rcsol\ing
Porvcr for

À=0.55

(MicroN)

À
2\NA

Dcprh of
Focu
l=0.55

Odcroß)

rl,
2tNF

\\'orking
DslaÉc
ovD)

L25x/l0.d ,t42-300 0.035 0.00 t2 4.0 7.8 229 3.9 mm
2.5\J5.2 ,t423 t0 0.075 0 0051 E.6 .t9 9.4 nrm
5x 12.6 440320 0.15 o.0225 L1 1.8 l22 13.6 ¡nrn

sxn.6 0.25 0.0625 ).9 ll 44
l0x/t.3 442832 0.25 0.062t 29 l.t 4.'l l2;l nm
l0x/1.3 442330 0.30 0.0900 35 0.9 3.1 5.7 mú

20x/0.65 4428.t0 040 0 I rl00 ,t7 1.7 9.8 mn
l0x/r.3 440 I 35 0.50 0.2500 60 0.5 Ll 2.0 mm

20x/0.50 142340 0.50 0.2500 60 t.l 1.4 mn

Nolê lhnl tho 1.25X lcns rvilh nn NÂ of0.035 hos n dcplh offoous of229micrcns rvhcrcm llrc 20X lcns rvith ¡u NA of0.50 unly

hmntlcpthofloousofl.lmiorons. Unforlunntcly,unlcssnll llcfc¡lurcsinlhcficldofvicrvoflhciuspcclionoarnernvoryinhcighllcss

thnn I I microns, lhc 20X 0,5 NA lcns cnnnol bc usc<l to inspcot lhcp¡rt. Thcreforc mmy inspcction rystcms arc forccd lo usc lorv NA

oplics to maintain loous nnd nlt unablc lo inspcol very smnll fenluro thot rcquire iigtr magnificalion und high rcsolution.

Disolosurc of lnvention

'lhcrcforo, it is on objcct ofthis invonlion to prcvidc n mcthod m<l nppnrntus for providing hígh.speed autofæusing thnl enables

fenlures on n part lo be ¡d€ntifiql hoscd on their heighl nnd fooused upon during inspcclion thcrcof.

Ânother objcct of this ìnvcn(ion is lo providc lúgh-spccd nulofocusing lhat cn¿blc,s fcâhlrcs on î p¡r I to ba idcnlifictl bnsecl or their

huightendfoousedupontluringinspcolionlhereofrvitlimngingopticsthntprovidcsiuffioientlyh¡ghßsolulionmd dcplhoflìcldto

dctect small lcnturcs nnd dcfc'cts on lho port.

ln nccordance rviÙr one nsp€cl of lhis invenlim ¡ m ethoit fol inspcoling r pnt loli* a plurality ofinngcs of diñìrcnt imngc ficlds of tle

ponwilhmimagingcamcrohavinginngirgopticsrvithnfiicdrcsolutionanddepthofficld. Thesurfoceofthep¡rtischn¡oolerþeclbv

height vuinlions rvitJrin a givcn inngc licl<l nnd b¡,thc imnge

AMENDED SHEET - IPEAruS
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optics dcpth o[field sucl¡ that focusing on arr¡,poirrt in the given inrage field does lrot

guarantoe that lhe entire conesponding iurage rvill be in focus. The heigltt of lhe part

surface is sanrpled at l:ultiple posiliols irt üre giveu iruage field rv,ilh a saurple spacing

that is sr¡flìciently snrall to deten¡line the range ofheight variatious ofthe st¡rface in

lhe iruagc field. A focus positiorr for lhe inraging optics foreach iurage is deternrirted

based rpon the sampled heights for tlre given iurage field such that all surfaces of

interest in the ilrage field rvill be u,ithin the depth of field for tlre imagirg oplics, The

inraging optics is nrored to tlre focus position for the given imoge field u4rereby the

iurage rvill be in focus across the inrage field.

Brief Description of theDrarvinBs

The appended claiurs particularll'point oul and distinctl),claim lhe subjccl

natter oftlris inventiou. The various objects, advantages and uovel features oflhis

inventio¡r rvill be ntore fully appar€rìt froru a readiug of the follou,irrg detailed

descriplion in conjunction rvith the accompan¡,iug drarvings in r,vhiclr like rcference

nuulerals refer to liko parts, ond in tvhich:

FlG. I dcpicts a pof ion of a part for inspection with variations il surface

heiglrt;

FIG. 2 depicls d prior art autofocus urethodology;

FlG. 3 depicts a partrvifl¡ a \va\1, portion at au iucline;

FlG. 4 dopicts a prior art optical inspoction syslour that incórporates

hialgulalion;

FIG. 5 is useful in understanding this invention;

FlG. ó includes FIGS. 64, 68 and 6C and is usefirl in understandirrg a

liuritation o[prior art optical inspectiou syst€nìs;

FIG. 7 is useful in understandilg anotl¡er limitation of prior arl optical

ilìspechoil s),stenls;

FICS. 8 tlrrough I I are useful i¡r undentandirg this invention;

FIGS. l2A and l28 are block diagranrs of trvo erubodirnents of tlris invention;

FIGS. | 3 and l4 are useful in understondiug the operation of tlrc fust

enrbodirrrerrt of the apparahrs in FIG l2A;

FIG. l5 is uscfirl i¡ undcrstandilg thc opcration of the second ernbodiment of

the apparatus in FIG. l28; and

FIGS. l6A and l68 are photographs ofilspected iruages taken bi'prior arl

apparatus and apparatus of this hventio¡r respectivell,.

AMENDED SHEET - IPEA/L]S
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Description of Illustrative Embodiments

An intelligent autofocus system in accordance with this invention analyzes the

surface heights of the features in a part in real time as the part is scanned to create an

5 optimally focused image for inspection of the desired features in the part. It can be

implemented as a stand-alone unit placed in advance of the inspection camera or

incorporated into a real time through the lens inspection system.

One feature of this invention is the ability to dynamically compute and

mechanically track the optintal focal plane for a given imaging optics during

l0 inspection of the part. As one example, consider FIG. 9 which shows imaging optics

with depth of field indicated by arrow 9-1. Using the prior arl technology, the imagirrg

optics would either be focused on the lower surface 9-2 ot' upper surface 9-3. Tf the

imaging optics were focused on lower surface 9-2,Ihe top surface 9-3 will be out of

focus. Likewise, if an imaging optics were focused on top surface 9-3, the lower

I 5 surface will be out of focus. As the part is scanned both surfaces may appear beneath

the prior art focusing system. At some positions the top surface may be in focus, and

at other positions the lower surface may be in focus, so there is no way of knowing

which surface will be in focus aT any given time as the parl is scanned. This makes

high resolution inspection nearly impossible. One feature of this invention is to

20 provide a method of intelligently identifying the heights of both surfaces, to determine

an optimal focus plane spaccd bctween the two surfaccs indicatcd by position 9-4 rhal

r.vill enable both surfaces to remain within the optical depth of fìeld of the given

objcctivc during thc inspection of the par1.

In many applications the resolution required for inspcction is so high and dcpth

25 of field is so low or thc height differpnce between f'eatures is so largc such that is not

possiblc to kccp all surfaces in focus simultaneously as thc part is inspcctcd. This is

illustrated in FIG. l0 rvhich shows a medium resolution lens l0-l and higher

resolution lens with lower depth of freld l0-2. Refening to FIG. I l, if such a part is to

be inspected rvith high resolution, low depth of field optics I I - 1, it must be de cided

30 prior to scanning the parl whether the specific scan will inspect the lower surface I I -2

or the upper surface I I-3. In applications such as wafers, high density interconnect

modules, and printed circuit boards, the parl consists of metal conductors placed onto a

substrate. The metal conduclors, which form the top surface, are the prinary features

of interest to be inspected for defects. This iuvention provides means to dynamically

7
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compute the height of the metal upper surface 1 I -3 and keep it in focus as the parl is

scanned.

Referring to FIG, l2A, as a part is scanned and inspected in visible light

(350nm to 700nm) as indicated by arrow l2-1, an infrared beam 12-2 (780nm, for

5 example) passes through the optics and is used to maintain focus. The infrared beam

from a focus illumination source l2-3 comprising a laser diode, solid state LED, or any

other light-emitting device is collimated by lens l2-4.The collimated light passes

througli a cylinder lens l2-5 and beam splitter 12-6 to reflect from a dichroic mirror

l2-7 tlrrouglr a lens 12-8 to project aline l2-9 onto the paft l2-l I . This focused beam

l0 is positioned off axis to illuminate only half of the optical field. So the infrared beam

is inraged onto the partaI an angle 0, relative to the surface ofthe pafi as illustrated in

FIG. l2A. Due to the surfaces being at different heights in the pafi, one side of the

beam projects onto an upper surface 12-10 aTa given position in X and the other side

of the beam projects onto a lower surface l2-ll at a different position in X. Light rays

l5 from the line image projected onto these sufaces then pass back through lens l2-8,

reflect from dichroic mirror l2-7 and beam splitter 12-6 and then are focused by a lens

12-12 onlo a positioning or height measurement camera 12-13.

ln one embodimeirt the entire focus path operates in the infrared wavelength

(780 nm, as an example) so this focus light does not interfere with the visible light

20 inspection path that operates in the range of (350 -700) nm. The visible light patlt

consists of an illumination source 12-14 and light from that source 12-14 reflects fi'om

a beam splitter l2- l5 to pass through clichroic ftlter l2-'7 which passes the visible light

and rcflccts thc infrared light. This visible beam then passes through broadband

imaging lens l2-8, which also passes both visible and near infrared light. Thc

25 rctlccted visible light imagc then returns through lens 12-8, passcs through dichroic

fillcr l2-7 and beam splitter 12- 15 to be imaged by lens 12-16 onto inspcction camera

12-17. Otber means may be used to produce lighr l2-14 used by inspection camera

12-17 . For example, some parts to be inspected may have an organic single layer , an

organic non -tranparant layer, or vely opaque organic material, in which only the top

30 metal surface needs to be inspected. In such cases there is no interference or image

artifacts caused from lower layer images, which could confuse the auto focus

apparatus. In such an application an appropriate laser could be substituted for the

source l2-3 thereby 1o cause the top surface to fluoresce. Beam splitter l2-l5 rvould

be replaced by a dichroic nriror to reflect the laser and permit fluorescence returning

8
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fronl the parl to reach inspection Çanrera 12-17, A laser blocking ßltar 12-26 to allorv

orrly the rehrnriug fluorescing ra¡'s and also to block any laser illunrination light from

reacltiugtheinspectionorulera 12-17is alsoplacediufrontofcaruera I2-17. This

fluorescing inrage nray produce better colìtrast of the conductors o¡ì the orgalìic

5 surface.

Refening to FIG. l3 and to oxplaiu in greater detail holv the aulofocr¡s syslent'

operotes, consider a linc-shaped beam l3.l, euranating fronr optical Iens l3-2 tlrat

illuurinates a part at an angle 0 relatir,e to thc surface of úrc part as sholn in FlG, 'l3,

The position thal the line hits the lop surfaces l3-3 and 134 rvill be offset irr the Y

l0 di¡ectiou fror¡l lhe positiorr lhal thc linc hits thc lorvcr surface l3-5 by o distance d such

that: 
:

d.: htan(Ø)

rvlrere:

h = lreight difference belrveen the surfaces, and

0 = angle ofthe illuurination beaur relative to a lirrc perpendicular 1o thc

ì5 surface.

Lens l3-2 h FIG. 13 correspouds to lens 12-8 in FIGS. l2A and l2B. The

imagc of the projected line pattem is projected ohto ciuìlera 13-6 tvlriclr conesionds to

theheiglrtnrèäsurenrentcúnìeral2-13inFIGS.l2Aandl2B. Linesl3-3,l3-4,and

13-5 are imaged onto car¡rera 13-6 as lircs l3-3', l3-4', and l3-5' respectively.

20 Caurera pixels are organi:æd iulo ros.s R a¡rd colunrns C. A¡rotv l3-7 poirrts to

the left- nrost coluuul in the car¡rera l3-6. The rorv R position ofthe data on canlera

13-6 iudicates tlre heiglrl of lhe different surfaces on llre part. B¡, intelligentl¡,

- analyzirrg the inrage, and nrore specifiôally the rorv R position ofthe data, olìe can

delerulinc lhe location of the top and botlom surfaces ond nrechar'¡icall¡'drive the

25 focusing lens, canrcra and optics to track tho desired surface,

As an cxautplc, cousidcr a higlr resolution, high NA optical lens l4-l in FIG..

14 rvith conesponding shallorv deplh oll field l4-2. The inrage of the projected line

. pattenrisinragedontocanreral4-3. Thecarìerafielduraybedividcdintouppcr

region [4-4 and lorver region l4-5. The rorv positious R of thc iúonnation in uppcr

30 region I 4-4 correspouds to the hejglrt of tìre upper surfaces on the part. The ros'

positions R of the infom¡ation in lol'er region l4-5 correspond to the lreights of the

lorver snrfaces on the part.

AMENDED SHEET - IPEA/LIS
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Ifthe goal is to keep the top surface in focus, then only data in upper region

14-4 is analyzed to detemine the highest and lowest row position of the data in region

l4-4. This con'esponds to the height variation of the top sutface of the part

perpendicular to the direction of mechanical scan across the width of the camet'a l4-3.

5 The midpoint of this height variation is calculated and corresponds to height position

14-6 in the camera image and l4-7 in optical depth of field image. Position l4-7

corresponds to the midpoint of the optical depth of field indicated by arrows l4-2.

In general, tlie optirnal focus point is calculated as a function of the depth of

field of the optics and the inspection plane of interest, both which are knowlr prior to

l0 perfolming tlre inspectiotl scan. As stated pleviously, the system can be pl'ogrammed

to tmck the top surface, bottom surface or a midpoint between the sutfaces if the depth

of field is sufficient to keep both surfaces in focus simultaneously as shown by

position 9-4 in FIG. 9.

To summarize, as the part is scanned in the Y axis direction, the focus camera

I 5 l4-3, collects data in the X direction corresponding to the width axis of the inspection

camera 2-l in FIG. 2. The data is analyzed across the entire focus camera to determine

a unique single optimal focus point for each different position along the scanning Y

axis.

High speed autofocus tracking is essential fol quick inspection ofsuch parts.

20 High speed focus calculations ancl mechanical response is even morc essential to

achicvc rcal timc through the lens focusing To achieve such high speed operation it is

advantageous to use as a focus canera 12-13 in FIG. l2A, a camera in which one can

sclectivcly pick thc camcla pixels to read out of the camera, rather than having to rcad

out all thc pixcls into a storage dcvice and thcn read thc pixels ofintcrest. This savcs

25 much timc. F or cxamplc if the focus camcÍa has a total of 1000 x I 000 pixcls ( 1 06

pixcls total) and one can dctermine the location of the top surface of a parl by sub-

sampling every 5tr'horizontal camera pixel and every other veftical pixel within the

top half of the can'ìera. Tliis would reduce the amount of data by a factor 20. Selecting

every 5'l' or Ntl' horizontal pixel in the camera image creates specific columns of data.

30 The spacing between such columns is indicated by arrow l4-B in FIG. 14. Thus, by

being able to selectively choose specific regions of interest within the focus camet'a's

field of view, box l4-4 for example, and selectively choosing or sub-sampling pixels

',vithin this legion gl'eatly decreases the time required to compute the optimal focus

positions.
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Suclt a cantera made by Photon Focus nlodel MV-D1024E-80-CL or a faster

carucra rvi(h nrore pixels nade by Basler nrodcl acA2000-340knr has been used to

iutplenront car¡tera block l2-13 in FIG. l2A. This Photon Focus caruera contoins 1024

xl 024 pixels, has a spectral rcspolsc frou 350 -1000 nn¡ nnkiug it cnpable of

5 qperating in lhe near irrfrared band and e¡¡ables reading out ofseleot regions and pixels

. rvithin lhe caruera. To inplement the focus calculatiol described in lhis invention,

40,000 pixels lmve been read out of this caulera at a rate of 1000 frarueS per secoud.

Tlte Basler calnera cootalìs 2048 colullrns x l000 rorvs and also has a spectral

resporìse froln 350 -1000 urn nraking it capable ofalso operating in the uear infrared

l0 band andenablesreadilgoutofselectrcgionsancl pixelsrvithinlhe canrera, To

irupletirent the focus calculation described in this invention, 96,000 þixels have been

rcad out of this cauera al. a rato oI 5000 frarues per seooncl. The gaiu of botlr focr¡s

'catneras also is program¡rable u'hioh suppofs inagiug of a rvide range of reflective

lllaterials and surfaces. A high speed Focus Processor, sholu as block 12-19 il FIG.

l5 l2A, progranrs the focus calDera pararnoters over liue 12-20 andreads oaruera pixel

data over line'12-21. A Focus Processo¡ l2-19 has been intplentonted using Stratix

progromnrable logic devices (PLD's) maln¡fachrred by Altera Corporatiol. Tlte Focus

Processor l2-19 also cournrunicates rvith a general purpose oourpnler 12-25, such as art

Intel Xe¡ion based,gourputer nurniug Windorvs XP as an operating systeru as to enable

20 initial operator sehrp arid coutrol.

During a focus calculation setup operation the Foous Processor l2-19 and or

contpirter 12-25 ca¡ adjust both the gain ofthe focus oanera, over line l2-20, and the

light intensiS, of the infrared light source ì 2-3 over litte 12:22, The abiliS' to control

both thesc variablcs provides tlre largest possible d¡,r¡¿¡¡ie range for focusing oll either

25 vcr¡, dinr or ver)t bright malerials or surfaces.

Once the optimal focus position has been calci¡lated either the entire optical

head indicated b5,¡6s11' l2-18 is nrechanicalll, ruoyed orjr¡st iuaging lens l2-8 is

rtreohanicalll' tttoted, or both are nrot ed in sotlre coulbiuation to u¡aintain foctrs. The

imaging lens 12-8.can be attached to a precisiorr Z axis motor 12-24 lo enable rapid

30 ntotion in the Z focr¡s axis due to rapid height changos (i.e., high-frequcncy changes)

assltorvninFIG. L Tlreentireoptical head I2-18czuralsoboatlachodtoaprecision

üotor or rrra1, þs attached to a holder for the substrate to enable relative ruotion irl the

Z axis behveelr the part and the optical head in response to lorv frequency changes.

Tlrìs nta¡' appear rvlten the subsh'ate for the part varics duc to a lou,er freque¡tc)'

ìtìr
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warpage. Both urotors can be controlled by the Focus Processor 12-19. This systeur

rvas iurplertrented using a precision linear motor l2-23 produced by Prinratics

Corporation that moved the entirc optical hoad l2-l 8. The preoision Z axis nolor l2-

24 tltat adjusls the irnage optics lclalivc to lhe optical head aud part for produciug such

5 rapid nrotion is a Pieræ electric unit nanufactured.by PI (Physik Instnunente) L,P.

nlodcl P-725 PIFOC. This Piezo unit can urot,e the inraging optios */- 200 microns iu

50 nilliscconds. Another advantage of tlre lhrouglr the lens i-ruplomentation is that

focus aocuracl,and the spatial distance that the focus line pattonr luoves otr the locus

cauìera hacks the optical depth of field of the imaging optics. As depth of fielct

I 0 decreascs atd resolution increases the focus line nroves a greater distarrce on the foous

canlera for a giveu change irr z height position of thc iur agiug optios. As ar example,

using the tnelhods aud tecltlology describcd herein, focns n'as nraintaincd rvell u,ithin

a+l-25 uicrou opl.ical depth of field for inraging optics used to inspect the top surface

of parts rvith lreight variations rvithin canera iuages also cqualing +/- 25 u¡icrons in

I 5 rvlrich the size of the parts were up to 500 ulur x 500 lnnt u'lrich is irr the order of sizes

of embedded die applicatious. Tho eutire. part lvos ilr focus over lhe entirc inspcction.

FIG, l5 depicts the relatiolship behveen a focus lire l5-l corrosponcling to the

focus line l2-9 gelerated b1' the apparahrs in FIG. l2A and the field ofvieu' l5-2for

the irnaging:earnera l2-17 rvherein the focus line l5-l is rvithin the field ofvierv l5-2;

20 Wren,the s)/slelr iricorporates such a single focus lile l5-1 tvithiu lhe field of vierv

l5-2, in sorue applications it is possible tlrat by the tinre the s¡,steor may move to a

newly calculated height lhe relative positions rrray have changed producing a follorvi-ng

error becatlse the optical head is attenrpting to tDeasure aud utor,ç to thc sarue location

sìrnultarreousl¡, , .

25 In auolher approach, trvo focrrs lincs are generated on either side ofthe'

ittspection canlera. FIG. I 2B tlepicts such a lrvo focusline apparahls rvhich is sirnilar 1

to the apparahts shorvn i¡r FIG. l2A, but that adds a second illumination sourcs. In lhis

inrplernentation. lhe optics in the patlr for the original heigltt ureasurement beant l2-2

relocales the beaur so that it reflects to the left ofthe ilspection caulera field ofvierv in

30 FIG. 15asascanfocuslinel5-4. Asecondoptical path12-30includesascco¡rd

illuurinationsourcel2-3l,acollinratinglensl2-32aldacl,linderlousl2-33. Light

enralatiug front lhe cl,lirrder leus l2-33 reaches the diclroic minor l2-7 and reflects

alorrg a different path to appear as a focus line I 5-3 ön the othèr side of the inrage

ca¡uera field of vierv l5-1.
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As rvill norv be Bppar€nt, rvhen tlie scauuing direction of the apparahrs in FIG,

l2B is frour left to right as sltorvn in FlG. 2 as strip A, lhc focus beanr path 12'30

gerìerates the focus line l5-3 lltat "leacls" the inroging camcra field of vielv l5-1.

Wren the scanniug direction of the opparahrs in FIG. l2B is frour right to left as sltoln

5 in FIG. 2 as sh'ip B, lhe Êocus beanr path l2-31 gelerales the focus line l5-4 lhal

"leads" the imaging canìera fi eld of vierv l 5-1. Wrereas the fi eld of vierv of llìe

irrspection canreftì is rvithin rcgion l5-1, lhe field ofviorv ofllte focus ca¡ltcra is

suffrcienlll, large sucli that both focus lines l5-3 ard 15-4 can be seen by the focus

cauìera. In one direction oftravel ouly rorvs ofdata contai¡ring infonttalion frout

l0 focus line 12-30 are read out ofthe canera. In the other scan directioll only rorvs of '

data containiug infonuation fronr focus line I 2-31 are read out of tlÈ focus calltera.

To increase focus canlera signal to noise nncl obtain a¡r cven better estiluate ofhoight

variatio¡rs in advancc ofthe ariyal oflhe fuuagiug canera at l5-1, successive rorvs of

scauned data thal lie belrveelr inspection oanlera position l5-l and the location ofthe

l5 focus lile can be acquired ald processed. Such processiirg can obtaiu an average for

each heiglrt n¡oasùrerDent position for a proset nunrber of rcss to obtaiu filtercd values

that are tlren used to position the inragirrg oplics fol tho iuspeotion carucra l2-17.

- Thus, in occordance rvith this invention, they are provided a varieb,ofapproaches for

acEuiring irnage lcns positioning data.

20 In each of the e¡¡rbodiuenls of FIGS. l2A and l2B, thefocus illumination

sources l2-3 and l2-31 operate in the ilfrared. hr the foregoirrg enrbodimertts, the

iuragiug illumination source l2-14 generates liglt il the visible spectnrnt (i.c., rvhitc

liglìt) for illuuriuating the part for lhe imaging caueras l2- I 7. FIG. 1 6A depicls an

ilrage obtained usiug the autofocus s),sterì¡ of this i¡ivention iu conlbinatio¡r rvith u4tile

25 light foi imaging lhe part lhat conrprises an opaquc orgauic substrate I ó-l rvith a

plurali¡,ofspaced parallel copperconductors l6-2. This is a lorv-contrast iruage

becuuse the iruaging camcra 12-11 ir FIGS, 2A and l28 receives scattered radiation

reflections. FtG. l68 depicls lhe saule part rvhen the imaging caurera light source l2-

l4 courprises a laser rvilh a frequency that rvill cause the subslrate l6-l to fluorcsce.

30 In lhis configuratiou, bea¡u splitter l2-5 is replaoed with a dichroic filter to reflect the

laser atrd penuit retuning fluorescent light to reaclr inspectiorr carì¡era 12-17. lt
addition a blocking ftl¡er 12-26 is inse¡ted in frqnt of lens l2-16 to prevent auy

reflected laser light froru reaching ilragiug canìera 12-17 a¡d insuring onl1, fluot"tt"u,

liglrt eruitted lroru the organic'surface leaches inraging ca¡ucra 12-17. As the subs(rate

¡ai?
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l6-l is opaque, and as the substrate l6-l is inlact, no lluorescetrce front auy lorver

layer is reccived. FIG. l6B shorvs lhe resulting fluorescent iruage rvith a bright

substrate l6-l and dark conductors l6-2. Tlre iurproved high contrast imago readily

allorvs tl¡c identification of delects suclr as defeots I 6-3, I 6-4 and l6-5. It rvill be

5 apparent, holvevel', thnt the usé offluorescencó in sr¡clr devices is linlited to the.

inspection ofnon-fluorescing conduclors on lhe surface ofopaque orgaliic substi'ates

bocause the autofocus apparahrs assunles that all variations in height as nreosurcd i¡r

the iufrared are the result of heiglrt varintions on the top surface of the organic

substrate. Ifthe autofocus apparahrs rveré 1o used 0n lrausparcrt la¡,ers the focus

l0 apparatus n'ould not be able to detenlrine rvhich feahrres rver€ on the top layer and

couldpotentialll,¡o".'ronlhcinconcctlayer. Itisalsoinrportaultonotethatfocusing

rvavelcnglhs not in the infrared band can be used as long as the u,avelengtlr ofthe

foousing source is exchlded from the rartge of l'avelengths inaged b' inspection

carpera l2-17. As will notv be apparent, autofocus apparatus as disclosed herein úeel

I 5 the objectives of providing accurate focus positions for an inagilg cantera u4tich

assrues that the entire iruage in tlre irnage caurera's ficld ofvierv rvill be in focus.

Moreovor, the disclosed and other curbodimenls of this inrantion can be implemented

rvithout deparling frour the spirit and scope of lhis invention and can realize any or all

å. ofthe beuefits ofthis invention. Therefore, it is inteut ofthe appcnded clai¡us to cover

20 all such variations as corìc rvithin the tnre spirit and scope of this furvention.

Wrat is clainred as netv is:
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CLATMS

What is claimed as new ls:

l. A method for detecting defects at the surface of a paft by scanning the paft illuminated

at a first frequency along a mechanical scan axis with an inspection camera to obtain a plurality

of images at a succession of image fìelds extending perpendicularly to the mechanical scan axis

wherein the inspection calîera has an objective lens with a fixed working distance and depth of

focus and wherein the part is characterized by height variations which define a two-dimensional

verlical height profile plane between the part and the objective lens along a calnera axis

perpendicular to the direction of the mechanical scan, said method automatically focusing the

inspection camera on each image field at a calculated focal plane distance to ensure that the

entire irnage is in focus; a calculation of the focal plane distance comprising the steps of:

A) projecting a line pattern at an inclined angle relative to the surface of the parl and

perpendicular to the direction ofthe mechanical scan axis, at a second, non-interfering,

frequency through the objective lens onto the part and receiving an image of the line pattern

from the surface ofthe part through the objective lens and projecting this irnage onto the surface

of a two-dimensional focus camera thereby convefting the two-dimensional vertical height

profile plane created between the part and objective lens along the inspection camera axis

perpendicular to the direction of the mechanical scan into a two-dimensional focus height image

projected onto the surface of the focus camera for each image field of the inspection camera,

B) defining a two-dimensional region on the surface of the focus camera such that only

those features on the part which are projected onto the defined two-dimensional region of the

focus camera will also be in focus on the inspection camera,

C) analyzing, rneasuring, and processing the range ofheights projected onlo the focus

calrera, including the minimum and maximum heights contained in the projected image and

calculating the focal plane distance that keeps the projected surface heights ofinterest within the

spatial region of tlre focus camera corresponding to an in focus image on the inspection calrera,

sr-rch that all surfaces of interest in the image fìeld of the inspection camera will be within the

depth of field of the objective lens and inspection camera, and

D) adjusting the position ofthe objective lens to the processed focal plane distance for a

given irnage field sLlch that only that portion of the projected image that lies within a specified

region of the focus calrera will be in focus on the inspection camera.

2. The method of clairn I wherein the inspection camera includes a linear charge corrpled

device.

3. The method of claim I wherein the inspection camera includes a linear time delay and

integrate charge coupled device.

4. The method of claim I wherein the first frequency band is in the visible light barrd.



16

5. The rnethod of claim I wherein the second frequency is in the infrared band

6. The method of claim I wherein the part includes a material that fluoresces and the first

frequency band is in a band that causes the material to fluoresce.

'7. The rnethod of claim I wherein said measuring includes recording the focal plane

distances along the scanning axis.

8. The method of claim I wherein during a scanning operation said measuring and

processing are completed prior to the acquisition of an image by the inspection camela.

9. The method of claim I wherein the images are taken during a scanning operation along

a scanning axis and said measuring includes recording height measurements perpendicular to

the scanning direction at each ofsuccessive locations and said processing includes processing at

least one set ofthe recorded height measurements to calculate a processed focal plane distance.

10. Apparatus for detecting defects at the surface of a part by scanning the parl illuminated

at a first frequency along a mechanical scan axis with an inspection camera to obtain a plurality

of images at a succession of image fields extending perpendicularly to the mechanical scan axis

wherein the inspection camera has an objective lens with a fixed working distance and depth of
focus and wherein the part is characterized by height variations which define a two-dimensional

veftical height profile plane between the paft and the objective lens along a camera axis

perpendicular to the direction of the mechanical scan, said apparatus automatically focusing the

inspection calrìera on each image fìeld at a calculated focal plane distance to ensure that the

entire image is in focus; a calculation of the focal plane distance comprising the steps of:

A) means for projecting a line pattern at an inclined angle relative to the surface of the

parl and perpendicLrlar to the direction of the mechanical scan axis, at a second, non-interfering,

frequency through the objective lens onto the part and receiving an image ofthe line pattern

from the surface ofthe part through the objective lens and projecting this image onto the surface

of a two-dimensional focus calnera thereby converting the two-dimensional veftical height

profile plane created between the part and objective lens along the inspection camera axis

pcrpendicular to the direction of the mechanical scan into a two-dimensional focus height irnage

projected onto the surface of the focus camera for each image field of the inspection carnera,

B) means for defining a two-dimensional region on the surface of the focus camera sucl.l

that only those features on the part which are projected onto the defined two-dimensional region

of the focus camera will also be in focus on the inspection catnera,

C) rneans for analyzing, measuring, and processing the range of heights projected onto

the focus catnera, including the minimum and maximum heights contained in the projected

irnage and calculating the focal plane distance that keeps the projected surface heights of
interest within the spatial region of the focus camera coresponding to an in focus image on the

inspection calnera, such that all surfaces of interest in the image field of the inspection carrera

will be within the depth of field of the objective lens and inspection camela, and
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D) means for adjusting the position of the objective lens to the processed focal plane

distance for a given image field such that only that portion of the projected image that lies

within a specified region of the focus camera will be in focus on the inspection camera.

1 I . The apparatus of claim 10 wherein said inspection camera includes a linear charge

coupled device.

12. The apparatus of claim l0 wherein said inspection camera includes a linear time delay

and integrate charge coupled device.

13. The apparatus of claim l0 wherein the first frequency is in the visible light band.

14. The apparatus of claim l0 wherein the second frequency is in the infrared band.

15. The apparatus of claim l0 wherein the part includes a material that fluoresces and the

first frequency is in a band that causes the material to fluoresce.

16. The apparatus of claim l0 wherein said measurement means includes means for

recording focal plane distances along the scanning axis.

17. The apparatus ofclaim l0 wherein during a scanning operation said focal plane distance

means records height measurements prior to the acquisition of an image by the inspection

camera.

18. The apparatus of claim 10 wherein the images are taken during a scanning operation

along a scanning axis and said height measurement means includes means for recording height

measurements perpendicular to the scanning direction at each of successive locations and said

processor means processes at least one set of the recorded height measurements to calculate a

processed focal plane distance.


