
High Speed Autofocus System

Technical Field

This invention generally relates to the optical inspcction ofclcctronic paús and

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

5 Background Aft

Optical inspection of electronic parts such as such as wafers, circuit boards, flat

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

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

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

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

thc scanning direction l-2 and in an orlhogonal direction relative to thc scanning

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

parls 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

I5 between the substrate layers and the recognized characteristics that the substrate itself

willwarp.

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

is reqtrired to image clefects in various parts. ln the prior aú, a camera, not shown,

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

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

taken by the camera must be in focus. The part 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 apparatus, a pafticular focus point selected for the

canlera could arbitrarily be at the top I -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 I -5 and bottom l -6 of the

pafi as shown by arrows l-7 and l-8 that depict a depth that will cover the range of

height variations. However, as known and descdbed in gleater 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

tlre part.

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

serpentine pattem as illustrated by the contigLrous strips A through E in FIG. 2. The

width of thc camcra's ficld of vicw is rcprcscntcd by rcctanglc 2-1 . 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 sensol' to maintain a

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

shows a wavy 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 field3-4 of

tlre imaging optics. Conceptually the paft, the optics, or the combination of the optics

l0 and camela can be moved to maintain focus.

FIG. 4 shows the use of a triangulation sensor with an optical source 4- I ,

illumination beam 4-2 and position sensor 4-3. The triangulation sensor 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 parl 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

distances represente<J 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 are used in a

fbcdback loop mechanically to move either the optical head or the parl as a function of

the measuretl height to maintain focus.

There are two limitations to these focusing methods. First, if an illumination

beam 4-2 in FIG. 4 hits the paft aI a material boundary the distancc mcasurcmcnt may

25 bc incorrcct. Refening to FIG. 6 and specifically to FIG. 64, whcn optical bcam 6-l

from thc triangulation scnsor hits highly reflcctive material 6-2, thc entirc illumination

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

beam 6-4 on sensor ó-5. Ifthe material beneath the sensor now changes, as the paft is

scanned to one with a lower reflectivity, represented by 6-6 in FIG. 6B, a lower

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

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

the spots, rvhich represents the distance to the par1, will be the same and the con'ect

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

nraterial boundary as in FIC. 6C, it is spread between highly reflective material6-2
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E

and lorver rel'leclive rnaleriaì 6- 3. ln this erant, the spot projected onto the sensor rvill

tuot be synrnrotrical and the distarrce to tho part rvill be inconectly calculated to bo at

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

r¡rass of lhe spot no longer represenls the correct dislance to the part

Second, in FlG. Tan imaging caurera 7-l rvith inragingoptics 7-2 ntoves irt the

focus direotion along a Z axis 7-3 to nraintain constant dislance lo the surface oF part

7-4 rvhile focus distance is adjusted dynnlrically ns the pnfl is scoruted in the Y

directio¡1, Focus dislauce for the enlire inraging caulera is based on a series of single

poinl rneasurenrents along a rìarow line in the direction ofscan. No nleasure¡nells are

taken perpendicular lo the direction of scan. This iurplies lhat across the rvidth of the

cauìera, or rvidth of each scalured.strip A -E shorvri iu FlG. 2 all feahrres orr tl¡ó

surface nrust lie rvilhhr the optical deptlr offïeld ofthe inraging optics indicated b1,

arrorv3-4inFIG,3. Asrvillbcapparentanyfeaturenotrvithinthedeptlroffieldu,ill

be out offocus

As thc part is scauncd, lhe focus nreasurenlent uuit nray pass over high or lou'

features in the part. Sonre focus distances may bocalculated based on the distance to a

high feahrre rvhile other focus dislauces nra1, be calculated based ou the distauce to a

lorv feahrre. This inrplies that the optical depth of field of the irnaging optics rnust be

suflicienlly large to iusure pioper focus regardless of rvhether a high or lorv feah¡re

rvas beneath tho focus nreasureruent unit at tlre linle rvhen tlte focus nreasurenrent rras

calculatod. Calculating focus based oul¡, e¡¡ nreasurouout vahres along a line in tho

direction of scan rvill have lhis li¡:litation, iegardless of, hou' r¡rau), rueasurer¡lents are

acquired, horv fast the calculations are courputed, the specilic rnethod ofnreasurenleut

or l1,pe ofnreasurenrerìt device. A prefened device is a siugle point lriangulation

sertsor; single-point confocal selìsors, singlo point capacitive sensors and otlrers nray

be substituted depending upon the perfonuance criteria to be provided b1,the

rnspectrorì apparahrs.

For cunent focus tracki¡g teclrnologl' to properly function the depth of focus of

the inraging oplics, indicated as anorv 8-l in FIG. 8, uiusl be sufficientl¡, large to

guarartlcc focus for all tlre possiblc fealures hcights llrat ma1,bc uscd to calculatc lhc

focus distanca, lt is importarrt to uote that F[G. I represenls the surface of the part in

the X axis l'hich is pêrpendicular to the direclion of urechanical scan. FIG. 8 also

represcrtts the inrage prgected onlo the long axis of a li¡rear CCD scan canlera as

represcnted by block 2-l in FIG. 2 Unfortunatoly requirhg tlris large depth of field
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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:

DoF=2fu

and Resolution is given by the equation:

Resolution = 
r*_1_

where:

5 l, : V/avelength of light imaged onto the camera, and

NA : numerical aperture of the imaging optics

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

focus (DOF) requires a small numerical aperture Q.{A) while high resolution requires a

large numerical apefture. As (NA) becomes smaller, the level of light rcaching thc

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 depth of focus and a high resolution. As will be

apparenl, 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 aperture, resolving pov/er, light collection

coeffìcient, light collection cone angle, working distance magnifìcation and part

number for each lens.

20
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Tnblc I Commcruially Ávnilnble Objætivc Lcnses From Zeiss

tvl¡gnl¡ cnl aory'

pircl sizc
(microro)

Zcis
P¡11

Numbc¡

l{umcdcnl

^polü16

(NA)

Lisht
Collcclim
Cocfücicnt

(NA¡)

L¡glr
Collcc¡im

Cone Anglc
(degrees)

0=z\sin¡NA)

Rcsohing
Porvcr lor

l=0.55
(Micronr)

T
2\NA

Dcprll of
Focus

l=0.55
ßl¡croß)

+l
Z\Nr\-f

\'orting
Dslaßc
(wD)

I .23À-/10.4 442300 0.035 0.00 t2 1.0 7.8 229 3.9 mm
2.5s15.2 4423 l0 0.075 0 O0lrî E.6 3.6 49 9.4 nrm
5x f2.6 440320 0.1 5 0.0225 t7 t.8 t22 13.6 rnrn

sxn.6 0.25 0.0625 L9 t.l ,¡ ,t

r 0x/t.3 442832 0.25 0.062t 29 t.l 4.4 l2-'l mm
l0xi L3 442330 0.30 0.0900 t5 0.9 3.1 5.7 mm

20x/0.ó5 4428.t0 0.40 0 t600 t7 0-7 t.7 9.E mm
l0x/r.3 440t 35 0.50 0.2500 60 0.5 ¡.t 2.0 rnm

20x/0.50 442340 0.5u 0.2500 60 0_5 I -l 1.4 mm

Notc lhnl tho L25X lcns rvith nn NÂ of0.035 hos n clcplh offocur of229 micpns rvhcrcæ lho 20X lens rvith nn NA of0.50 only

hæntlopthoffocusofl.lmiorons. Unforlunnlcly,unlcssall lhcfc¡turcsinthoficldofvicrvoflhciuspcolioncarnqnvory¡nhcighlllss

lhnnl'laliotsns,lhê20X0.SNAlcnscnnnolbcuscdtoirspcotlhcpnrt. TlcrcforcnmyinspcotionsystcmsarcforccdtousclorvNA

oplics to maintoirt fmus nnd a¡t unnblc to inspcot verv smnll fenture¡ thot rcquire Iiglr magnificalion oncl high ¡csolution.

Disolosure of Inve¡tion

Therefore, it i¡ on objcct ofthis invonlion to pmvídc n mcthod md npparntus for providing high-speed autofmusing thnt enables

fenlures on 0 prrl to be iclentifiql bnscd on tlreir hcight nnd focused upon during inspcction lhcrcof,

Ânolhcrobjcct oflhis invention is to providc higlr-spccd nulofoousing that cnablas fcatutþs orì nprrt to be irlcnlifial bnsed on their

heighl and fooused upon during inlpeolion th€reolwilh imnging optics thnt providcs iuffioiently high rcsotulion and dcplh officld to

delcct sm¡ll fcnturcs nnd dcfåts on llc port.

In ncsordance rvitlt one nspecl of lhis invenlim a methoð for inspccting o parl lakcs a pluralily ofimngcs of diÐìrcnt imngc ficlds cf the

poÍt Nìthmimagingcnmcrohnvingimngingopticsrvithnfiic¡lrcsotutionnnddepthofficld, Tl¡csurfooeoftheponischnraclerizedby

fieight vuíalions rviürin a givcn inngc licld nnd by tho irngo 
-
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optics dcpth offielcl such that focusing on an¡,poirrt irr lhe given intage field does not

gnarantce that lhe errtire corresponding imagc rvill be in focus. Thc heigltt of lhe parl

su¡face is sarupletl at urultiple positions in Lbe giver¡ iurage field rvilh a saurple spacing

that is sr¡fficienlly snrall to detemline (he range of height va¡iatio¡ls of the surface in

lhe irnagc ficld. A focus positiorr for lhe inragiug optics for eaclt ìntage is deternrined

based upou tho sanrpled heights for tlre giten inrage field such that all surfaces of

interest in the inage field rvill be rvithin lhe deptlr of field for the iuragiug optics, The

inraging optics is nrored to the focus position for the given inrage field u'hereby tlre

iurage rvill be in focus across the inrage field.

Brief Description of the Drorvi¡res

The appended claiurs particularll'poiut out and disfinctl¡, clairn lhc subjcct

¡ratterofthisinventiou. Thevarionsobjects,advartagesandnovelfeaturesoflhis

in ention rvill be nrore fully apparent frolr a reading of the follorving detailed

description irr corrjunction rvith the acconrparr¡,iug drarviugs in lvhich like rcference

nunrerals refer to like parts, nnd in rvhich:

FIG. I dcpicts a pof ion of a pnrt for inspectiott $'ith variatio¡ts ilt sr¡rf¿ce

heiglrt;

FIG. 2 depicls á prior art autofocus ruethodology;

FlG, 3 depicts a part rvitb.a rvar.¡, portion at an incline;

FìG. 4 depicts a prior art optical inspection sysleur that incorporates

triargulation;

FlG, 5 is useful in understanding this inventiorr;

FlG. ó includes FIGS 64, 68 and 6C and is useful irt understanding a

liuritatiou ofprior art optical inspection systenìs;

FlG. 7 is useful in understandilg anotlrer liu¡itation of prior arl optical

rnspectlor s),slents;

FIGS. 8 tlrrouglr I I are useful iu undentandirg this iuvention;

FIGS. l2A and l28 are block diágranrs of trvo embodinrents of this invention;

FIGS. l3 and l4 are useful in understanding the operation of tlrc first

enrbodiurent of the apparatus iu FIG l2A;

FIG. l5 is uscftrl in uudcntanding thc opcration of the sscond elìbodinlent of

the apparatus in FIG. l28; and

FIGS. 16A and Ì68 are plrotographs of Lrspected iruages taken bj, prior art

apparatus and apparatus of this ùrvention respectivell'.
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An intelligent autofocus system in accordance with this invention analyzes the

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

5 optimally focused image for inspection of the desired featurcs 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 optimal 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 art technology, the imaging

optics would eitlrer be focused on the lower surface 9-2 or upper surface 9-3. If the

imaging optics were focused on lower surface 9-2,lhe 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 ai 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 cletermine

an optimal focus plane spaccd between the two surfaces indicatcd by position t)-4lhal

will enable both surfaces to remain within the optical ilepth of fiel<J of the given

objcctive during the inspection ofthc part.

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

25 of ficld is so low or the height difference between features is so large such that is not

possiblc to keep all surfaces in focus simultaneously as the part is inspcctcd. This is

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

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

be inspected with high resolution, low depth of field optics I l-1, it must be decided

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

or the upper surface I 1-3. 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 conductors, which form the lop surface, are the primary features

of interest to be inspected for defects. This invention provides means to dynamically
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compute the height of the metal upper surface I I -3 and keep it in focus as the pafi 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 l2-2 (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, ol any

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

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

l2-7 through a lens l2-8 to project aline l2-9 onto the patl 12-l l. This focused beam

ì0 is positioned off axis to illuminate only half of the optical field. So the infrared beam

is inaged onto the part al" an angle 0, relative to the surface of the pafi as illustrated in

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

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

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

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

reflect fi-om dichroic mirror l2-l and beam splitter 12-6 and then are focused by a lens

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

Ìn one embodimeirt the entire focus path operates in the infrarecl wavelenglh

(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 path

consists of an illumination soulcc 12-14 and light from that source 12-14 rcflects from

a beam splitter 12-15 to pass through clichroic filter l2-l which passes the visible light

and rcflccts thc infrarcd light. This visiblc beam then passos through broadband

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

25 rcflcctcd visible light image then returns through lens l2-8, passcs through dichroic

fillcr l2-7 and beam splitter 12- l5 to be imaged by lens l2-ló onto inspcction camcra

12-11 . Orher means may be used to produce light 12-14 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 very opaque organic material, in which only the top

30 metal surface needs to be inspected. In such cases there is no interfereuce 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 I 2-3 thereby to cause the top surface to fluoresce. Beam splitter l2-15 rvould

be replaced by a diclrroic mirror to reflect the laser and permil fluolescence leturning
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fronl tlre part to reach irrspection canrera 12-17. A laser blocking fillar 12-26 to allorv

ortl¡, ¡¡t. relunrirg fluoresoing ra¡'s artd also to block any laser illunrinatiou light from

reacltiug tlre inspection car¡lera 12-17 is also placed in front ofcaruera l2-17. This

fluorescing inrage nray produce better contrast of the conductors otì the organic

5 surface.

Refening to FIG. l3 and to explain in greater detail horv the autofocus syslem'

operotes,corsidern linc-shaped beanr l3-l,enranatingfrorrr optical lens l3-2 tlrat

illuurilales a paf at an nngle 0 relative to thc surface of the part as shorvu in FIG. 13,

The position lhat llre line hits the top surfaccs l3-3 and 134 rvill be offset in the Y

l0 di¡ection fro¡n lhe positiou that thc linc hits lhc lorvcr strface l3-5 b¡, n distauce d such

that:

tt = hhn(Ø)

rvhere:

h = height diflerence belrreen the surfaces, and

0 = angle ofthe illuurination beanr relative to a li¡rc perpendicular to thc

l5 surface.

Lens l3-2 in FIG. 13 conesponds to lens l2-8 in FIGS. l2A and l28. The

imagc of the projected liue pattenr is projected oirto caulera l3-6 tvtlich conesionds to

theheiglrtur€asurel¡ìenl@nrera l2-l3inFIGS. l2Aand l2B. Lines l3-3, l3-4,and

l3-5 are imaged onto c¿ilrera 13-6 as lir¡es l3-3', 13-4', and l3'5' respectively.

20 Caurera pixels are organizod inlo rorvs R aud colunns C. A¡rorv l3-7 points to

lhe left- nlost coluuur iu the canera l3-6. The rotv R positiou ofthe data on canrera

13-6 indicates the heiglrl of lhe different surfaces on llre part. B¡, i¡tslligs¡¡l¡r

- arralyzirrg the inrage, and nrore specifibally the rory R position of the data, olìe can

dctenuinc the Iocatiorr olfthe top and botlom surfaces ond ntechalicall¡,drive the

25 focusing lens, caurcra and optics to track the desircd surface,

As au cxanrplc, consìdcr a lrigh resolution, high NA optical lens l4-l in FIG..

14 rvith conesponding shallorv depth of fìeld l4-2. The inrage of the projected line

pattem is inraged onto caurera l4-3. The car¡era field uray be divided into uppcr

region l4-4 and lorver region l 4-5. The rorv positions R of thc ilfonuation in uppcr

30 region I4-4 correspouds to the heiglrt ofthe uppersurfaces on the part. The ro,s'

positions R of lhe infon¡ation in louer regiou l4-5 correspond to the lreights of lhe

lorver snrfaces on the part.
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Ifthe goal is to keep the top surface in focus, then only data in upper region

l4-4 1s analyzed to detemine the highest and lowest row position of the data in region

l4-4. This conesponds to the height variation of the top surface of the part

perpendicular to the direction of mechanical scan across the width of the camera l4-3.

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

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

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

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

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

l0 performing the inspectiou scau. As stated previously, the system can be progranrnred

to track the top surface, bottom surface or a midpoint between the surfaces 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

AX1S.

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

20 High speed focus calculations and mechanical response is even more essential to

achicvc rcal timc through thc lcns focusing To achievc such high speed opcration it is

advantageons to use as a focus camela 12-13 itt FIG. l2A, a camera in which one can

sclcctivcly pick thc camcra pixcls to read out of the camera, ralhcr than having to rcad

out all thc pixcls into a storagc dcvice and then read the pixcls ofintcrcst. Thìs savcs

25 much timc. For examplc if the fbcus camcra has a total of 1000 x 1000 pixcls (106

pixcls total) and onc can dctermine the location of the top surfàce of a part by sub-

sampling every 5tl'horizontal camera pixel and every other vefiical pixel within the

top half of the camera. This would reduce the amount of data by a factor 20. Selecting

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

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

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

field of view, box 14-4 for example, and selectively choosing or sub-sampling pixels

rvithin this region greatly decreases the time required to compute the optimal focus

positions.
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Such a cantera nrade by Photon Focus luodel MV-Dl024E-80-CL or a faster

caruera rvilh n¡ore pixels nrade by Basldr nrodcl ocA2000-340krn has beeu used to

iruplentent oar¡rera block l2-13 in FIG. l2A. This Photon Focus canrera contoins 1024

xl 024 pixcls, has a spectral rcspo,tsc frou 3.50 -1000 nn¡ uraking it cnpatrle o[

5 qperaling in the near infrared band and enables readiug out ofselect regions and pixels

rvilhin the .u,nrru. To iruplenent the focus calculalior described in lhis iuvention,

40,000 pixels ltave been road out of tlris canrora at a rate of 1000 franes per second.

The Basler canrera coutaius 2048 column, x 1000 rows and also has a spectral

respotìse frorn 350 -1000 nn rnaking it capablc of also operaling in the uear irrfrared

10 band al¡d euables readilg out of select regious ancl pixels rvithin the camera. To

iruplenrent the focus calculation described in this invention,96,000 (pixels lrave been

read out of this cauela at a rate of -5000 frarlcs per seco¡rd. The gain of both focus

'carleras also is prograrnu¡able l'lrich supporls imaging of a rvide ronge ofreflecfive

¡llaterials and surfaces. A high speed Focus Processor, sholu as block 12-19 in FIG.

ì 5 l2A, progrants the focus calìrera paraureters over lirre 12-20 and reads caruera pixel

data over line l2-21. A Focus Processor l2-19 ias been inrplernented usirtg Stratix 
.

prograntttrable logic dovices (PLD'Ð lllauufach¡red by Altera Corporation. Tlte Focus

Processor l2-19 also courmunicates rvith a general puryose oonlputer 12-25, such as an

Intel Xerion baseûeeurputer runniug Vy'indorvs XP as an operating systeù as to enable

20 initial operator sehrp and coutrol-

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

contpirler 12-25 ca¡ adjust botlr tlre gain of lhe focus canera, over liue l2-20, and the

Iight intensitl, of the infrared light source I2-3 over Iitte 12-22. Tlre ability to control

both thcsc variablcs provides tlre laryest possible d),nantic rauge for focnsing orr either

25 vcD/ dim or \¡ery bnght malcrials or surfaces.

Once the optinal focus position has bee¡l calctlaled either tho cntire optical

head indicated b¡,arrorv I2-18 is ureclranicall¡,noved orjust inaging lens l2-8 is

rurechanicalll' uro\€d, or both are nroved in sorue coulbination to ruaintain focus. 1.¡re

inraging lens l2-8 can be attached to a precision Z axis motor l2-24 lo euable rapid

30 urotion i¡r the Z focr¡s axis due to rapid heiglrt changes (i.c., high-frequoncy changes)

as sltorvn in FlG. I The entire optical head l2-18 cær also be attached to a precision

¡uotor or uray be attached to a holder for tlre substrate to enable relative motion iu the

Z axis behveerr the part and the optical head in response to lou'frequerìc), changes.

This nray appear when llre substlate for the part varics due to a losar frequenc¡'

:tir
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\\'arpage. Botlt lllotors can be corttrolled by the Focus Processor 12-19. This systenr

rvas inrplenrented using a precision linenr notor l2-23 produced by Pnnratics

Corporation that rnoved the entirc optical hcad l2-l I. The preoision Z axis urotor l2-

24 that adjusls the irnage optics rclalivc to lhe optical head aud part for producing such

5 rapid nrotion is a Piezo electric unit nanufachlred b1,pl (physik Instmmente) L.p.

ruodcl P'725 PIFOC, Tlris Piezo unil cau nrove the inraging optios */- 200 nicrons in

50 milliscconds. Another advantage of tlre lhrough the lens ilrplonrentation is tlrat

focus accuracl' and the spatial distance that the focus line pattenr rùoves orì tho focus

caurera fracks the optical depth of field of the inraging optics. As deptlr.of field

I 0 decreascs and resolution increases the focus line moves a greater distarrce on the focus

catllerafor a given change in z height position of tlrc iuraging optics. As an exanrple,

using the lrrethods and tecltnology dcscribcd hereiu, focus rvas nraintained rvell rvithin

a +l' 25 u icron optical depth of field for imaging optics usecl to inspeot the top surface

of parts rvith heighl variations rvithin caruera inragcs also cqualing +/- 25 uicrons iu

1 5 rvhich the size of the parts were up to 500 nm x 500 nrnr u'hich is in the order of sizes

of embedded die applications. The eutire part lvas in focus over fhe enl.irc inspeclion.

FIG. l5 depicts the relationship behveen a focus line l5-l oorrosporrding to the

focus line l2-9 gencrated b1' the apparahrs jn FIG. l2A and the field ofvieu, l5-2for
the imaging-tanera l2-l? rvJrerein the focus line l5-l is u,ithin the field of vierv l5-2.

20 Wlen, the s),steu ilicorporates such a single focus lile l5-l rvithin the field of vierv

l5-2, in souo applicalions il is possible tliat by the tinre the s),stem may move to a

newly calculated height tlre relative posiliorrs Dì0¡, [¡sv6 clranged produciug a follor.vi_ng

enor becattse the optical head is attenrpting to ttreasure alrd nrot,c to thc sarte location

siruultarreonsll t . .

25 Irt auother apploach, lrvo focr¡s liucs are generated on either side ofthe'

ittspectiorr catnera. FIG. l2B depicts such a tlo focus-line apparalus tvhich is sinrilar ,

to the apparalus shorvn ir FIG. l2A, but that adds a second illunlinatiorl sor¡rce. In lhis

inrplernentatiol, lhe optics in the path for the original heiglrt uoasuremcnt bea¡u l2-2

relocates the beaur so that it reflects to the left ofthe inspection cautera ficld ofvierv in

30 FIG. l5 as a scalì focus line l5-4. A second optical path l2-30 includes a second

illunrination source | 2-31, a collimating lens l2-32 aud a cl,linder lens l2-33, Light

enralatiltg fronl the cylinder lens l2-33 reaches the diclroic tninor l2-7 and reflects

along a different path to appear as a focus line l5-3 on tlre othèr side ofthe iurage

carììera field of vierv l5-l.
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As rvill norv be apparelì|, rvhen tlie scanning directiorr of the apparahrs in FIG.

l2B is fron¡ left to right as shorvn in FlG. 2 as strip A, thc focus bearn path l2-30

generates the focus line l5-3 lltat "lends" the inrnging carìtcro ñeld of vierv l5-l.

Wren the scanning direction of the opparahls ùr FIG. l2B is fronr right to left as sholn

5 in FIG. 2 as stlip B, lhe focus beanr patlr l2-31 generales the focus line l5-4 that

"leads" the inaging canìor? field of vierv 15.1. Whereas the field of vieu,of the

inspection caureftì is rvilhin rcgiou l5-1, lhe field ofvies'ofthe focus canrera is

suffrcienlly large suclr tl¡at both focus lirres l5-3 ald l5-4 can be seen b¡,the focus

cautcra. In one direclion oftrayel only rorvs ofdata containirrg infornralion frorl.

l0 focus line 12-30 are read out ofthe caurera. hr the other scan direction only rorvs of '

data containi¡rg infonration fronr focus line I 2-31 a¡e rend out of thc focus cauìera.

To itlcrcase focus canlera signal to noise nnd oblain an even bettçr estiruate of height

variatiolts in advancc ofthe arival offlre iruaging caluera at l5-1, successive rou,s of

scauned data thal lie belrvee¡r inspection aanrera position l5-l a¡rd the locatiou ofthe

l5 focus li¡e cnn be acquired aud processed. Such processiìrg can obtain an averagc for

each heigltt n¡oasuroruent position for a preset nunlber of rorvs to obtain fìltercd values

' that are theu used to position the inraging oplics fol the ilspection catnc¡a 12-17.

. Thus, in accordzurce rvith thjs iuvention, tlrcy are provided a varieg'ofapproaches for

acgr,iring irnage lcns positiorrirrg data.

20 Lr each of the eml¡odimsnts o-C FIGS. t 2A and l2B, the focus illuninatiou

sources l2-3 and l2-31 operato in tlrc ir¡frared. h the forogoirrg enrbodinrenls, the

inaging illuurinal.ion sou¡ce l2-14 generates liglrt in the visible spectnrrn (i.c., rvhilc

liglrt)forilluurinatingthepartfortheinragingcauerasl2-17, FIG, l6Adepictsau

inagc oblaincd usiug the aulofocus s),stenr of f his i¡ivelrtion in cor¡tbinalioll rvith rvhite

25 light for inraging the part llrat corrrprises an opaquc organic substrate ló-l rvith a

pluralitv ofspaced parallel copper conducton l6-2. This is a lorv-contrast iruage

becouse fhe iruaging canrcra 12-17 it't FIGS, 2A and l28 receives scattered radiation

reflections. FtG. l68 depicts the saute part wlìen the inraging caurera light source 12-

I 4 courpr.ises a laser rvilh a frequency that rvill cause the substrate l6-l to flt¡orcsce.

30 In this configuration, beanr splitler l2-5 is replaoed r.vith a dichroic hlter to reflect the

laser and penuit rohtntiug fluorescent liglrt to reach inspectiorr canìera 12-17. \t
addition a blocking fil¡er 12-26 is insert'ed in front of lerrs l2-16 to preveut any

reflecled laser light fron reaching irnagirrg caurera 12-17 attd insuring on\, fluot.r"",r,

light eruitted fron the organic'surface reaches iuraging camcra 12-17. As the substrate

ãç
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l6-l is opaque, and as the substrate l6-l is inlact, no fluorescence fronr arry lorver

layer is reccived. FIG. l6B shou's lhe resulting flr¡orescent inage nith a bright

substrate l6-l and dark conductors l6-2. The inrproved lrigh contrast imago readily

allorvs tltc idenlificaliou of defects such as defeots I 6-3, I 6-4 and 16-5. It l'ill be

5 apparent, holever, thnt the usé offluorescence in suclr devices is linlited to ttre.

inspection ofnon-fluoresciug conduclors on the surface ofopaque orgaiic subsÉates

becartse the autofocus apparahrs assuntes that all variations in height os nreasurcd irr

. ttte infrared are lhe result ofheiglrt varintions on the top surface of lhe organic

substrate. Ifthe autofocus apparahrs rveré 1o uscd 0r lransparcnt la¡,ers the focus

I 0 apparatus rvould uot be able to detemrine rvhich feahrres \yere on the top layer and

could potentially focus on lhc incorrcct layer. It is also iurportanl to note thatfocusing

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

foousing source is excluded frou the ra¡tge of\va\¡elengths inraged b¡,inspection

calrera l2-17. As rvilI nol be apparent, autofoous apparatls as disclosed herein ri'reet

I 5 the objectives ofproviding accurale focus positions for an iuraging cantera rvhich

asstûes that tlre entire iruago in the irnage caurera's field ofvierv l'ill be in focus.

Moreover, the disclosed and othor eulbodiulcnls ofthis itvention can be inrplenrented

rvithout deparlilg frorn tlte spirit and scope of llris invention and calì realize any or all

*' of the be¡lefits of this invention. Therefore, it is intent of the appcnded clai¡us to cover

20 all such variatio¡rs as conìc u'ithin the tnre spirit aud scope of this ilvention.

Wrat is clairued as nerv is:
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CLAIMS

L An optical measurement system used when inspecting apart as the part is scanned along an

axis relative to the optical measurement system, said system comprising:

a data acquisition system, comprising:

a height measurement system operating in a first frequency and adapted to provide

a height output signal indicative of height variations of the part surface at

multiple positions within a given image field;

an imaging camera operating in a second frequency that is non-interfering with the

first frequency and adapted to provide an image output signal indicative of

images of the part;

an optical system including an objective lens positioned to direct illumination in the

first and second frequencies to the part and imaging optics adapted to direct

illumination in the first frequency from the part to the height measurement

system and to direct illumination in the second frequency from the part to

the imaging camera; and

a motor coupled with the optical system to locate the optical system at a focus

position during scanning of the part; and

a dataprocessing system adapted to receive the height output signal, identify a range of

height variations for the part surface, determine a subsequent focus position for the

optical system such that surfaces within the range of height variations will be

within a subsequent image fìeld for the depth of fìeld of the imaging camera and

produce a height adjustment signal to the motor to move the optical system to the

subsequent focus position during scanning of the pan.

2. The system of claim l, wherein the focus camera cornprises a line camera.

3. The system of claim 1 wherein the first frequency is in the infrared band.

4. The system of claim I wherein the second frequency is in the visible light band.

5. The system of claim I wherein imaging camera includes a linear charge coupled device.

6. The system of claim 1 wherein the imaging camera includes a time delay and integrated

charge coupled device.
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7. The system of claim I wherein a fìeld of view for the focus camera is exclusive of a field

of view for the imaging camera.

8. The system of claim 1 wherein the height measurement system generates two focus lines

on either side of a field of view for the imaging camera.

9. The system of claim I wherein the height measurement system projects a line pattern at an

inclined angle relative to a surface of the part and perpendicular to a direction of the axis.

10. A method for inspecting a part surface, comprising:

scanning the part surface during a scanning operation along a mechanical scan axis relative

to imaging optics;

imaging, using an objective lens, the paft surface within a first image field with an imaging

camera responding to illumination at a first frequency;

during said imaging, acquiring, using the objective lens, height measurement data of the

part surface in a subsequent image fìeld from illumination received at a second

frequency that is non-interfering with the first frequency and determining a range of

height variations of the part surface for the subsequent image field based on the

hei ght measurement data;

determining a focus position for the imaging optics based upon the range of height

variations such that the range of height variations for the part surface in the

subsequent image field will be within a depth of field for the imaging camera, and

moving the imaging optics to the focus position whereby an image acquired by the imaging

camera will be in focus across the depth of field while the height measurement

system acquires height measurement data of the part surface for a second

subsequent image field while scanning the part surface.

I I . The system of claim 1 wherein a field of view for the focus camera is exclusive of a field

of view for the imaging camera.

12. A method for inspecting a part as the part is scanned relative to imaging optics along a scan

axis, comprising:

simultaneously receiving through an objective lens height measurement data of a selected

width from a focus line projected on the parl at a surface position operating in a first frequency and
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inspection image data from an imaging camera operating in a second, non-interfering frequency

and having a held of view spaced apart from the focus line along the scan axis; and

operating a motor to adjust a focus position of the objective lens based on the height

measurement data while the objective lens is scanned relative to the part surface such that the

inspection image data will be in focus when the imaging camera obtains inspection image data for

the surface position.

13. The method of claim 12, further comprising sampling a portion of the height measurement

data to determine the focus position.

14. The method of claim 13, wherein sampling comprises, for a number of pixels received

conesponding to the height measurement data, reducing the number of pixels by at least a factor of

20 prior to determining the focus position.

15. The method of claim 12, wherein the selected width corresponds to a width of the field of

view.

16. The method of claim 12, wherein illumination in the second frequency causes the part

surface to fluoresce.

17. The method of'claim 12, wherein simultaneously receiving further includes receiving '':

height measurement data from a second focus line projected on an opposite side of the field of

view for the first-mentioned focus line.

18. The method of claim 17, wherein the first focus line, the second focus line and the field of

view of the imaging camera are within a field of view of a focus camera.

19. The method of claim 12, wherein the height measurement data corresponds to a first

surface on the part and the image data corresponds to a second surface on the part spaced from the

first surface in a direction perpendicular to the scan axis.

20. Themethod of claim 12, wherein the focus line is outsidethe field of view of the imaging

camera.




