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10 MULTI-TOOL POSITIONING SYSTEM

Technpical Ficld

This invention relates to an apparatus and a method for positioning multiple
"tools," such as laser beams or other radiation beams, refative to target locations on
muitiple associated workpieces and, in particular, to a system that accurately

15 coordinates the positioning of the multiple tools and associated target locations with
2 muiti-stage, multi-head positioner.

Background of the Invention

A variety of technologies employ tools to micro-machine, or deposit patterns
or materials on target locations on a workpiece. For example, micro-dimensioned

20 drills may be used to form a cradle for a micro-dimensioned motor; a micro-
dimensioned punch may be used to punch holes in a thin metal plate; a laser may be
used to precisely machine or selectively erode metallic, crystalline, or amorphous
specimens; and ion beams may be used to selectively implant charged particles into
an integrated circuit. All of the above-mentioned processes share a common

25 requirement for accurately and rapidly positioning a pertinent tool to target locations
on the workpiece.

In some high volume production applications, multiple tools are
simultancously positioned relative to muitiple corresponding workpieces to improve
the processing throughput and reduce total manufacturing cost. One such

30 application employs a multiple spindle drilling machine to simuitaneousty drilt
identical sets of holes in multiple circuit boards. Such machines have high
throughput but require accurate fixturing of the multiple workpieces, cannot
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same time the overall size of workpieces is increasing. Consequently, the accuracy,
size, and speed requirements imposed on tool positioners are taxing the limits of
existing positioning systems.
Existing positioners are typically characterized by low speed and long
movement or high speed and short movement. Low-speed and long-movement
15 positioners, such as X-Y transiation tables, are characterized by high positional
accuracy; whereas high-speed, short-movement positioners, such as galvanometer-
driven beam deflectors, are characterized by deflection angle nonlinearities.
A solution for long-movement, high-speed positioning is described in U.S.
Pat. No. 4,532,402 issued July 30, 1985 for METHOD AND APPARATUS FOR
20 POSITIONING A FOCUSED BEAM ON AN INTEGRATED CIRCUIT in which a
high-speed short-movement positioner ("fast positioner"), such as a galvanometer, is
combined with a long-movement, low-speed, but high-accuracy positioner ("slow
positioner") such as an X-Y translation table. The two positioners are capable of
combining short and rapid movement with long and accuratc movement to
25 accurately and rapidly position a tool, such as a laser beam, to target locations on a
workpiece, such as an integrated circuit or an etched circuit board. The combined
movement of the two positioners entails first moving the slow positioner to a known
location near a target location on the workpiece, stopping the slow positioner,
moving the fast positioner to the exact target location, stopping the fast positioner,
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) the small features requiring trimming within each pattern.
If, however, the size of the largest pattern exceeds the movement range of
15 the fast positioner, the database positioning the tool across the workpiece must be
"panelized” into abutting segments that each fit within the movement range of the
fast positioner. The above-described trend toward increased dimensional precision
and larger workpieces virtually guarantees the need for panelized databases.
Panelization allocates the conflicting tasks of short, high-speed positioning and long,
20 high-accuracy positioning into appropriate movemem assignments for the fast and
slow positioners.
For example, Fig. 1 shows a portion of an integrated circuit 10 having a
substantially regular pattern of transistors and associated electrical interconnections
that are amenable to processing with an ion implantation tool positioned by a
25 panelized database. In this example, the threshold voltages of selected transistors
are adjusted by controllably implanting boron ions info appropriate p-channel
substrate regions of integrated circuit 10, The substrate areas to be doped cover a
larger area than the movement range of the fast positioner. Therefore, the slow
positioner drives the ion implantation tool into relative alignment with integrated
30 circuit 10 at an origin 12 of a panel 14 (panels shown in dashed lines) after which



3 causing the tool to operate on the target |ocation, and then
repeating the process for the next target |ocation.
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'ntegrate command clusters that are inherently inefficient because the movements are
executed incrementally.
Panelization also depends on the movement capacities of the particular
20 positioners employed and the type of tool being positioned. For example, the
panels assigned to integrated circuit 10 must be delineated in the database not only
according to the pattern regularity of integrated circuit 10, but also according to the
movement range of the fast positioner and specific target locations assigned to the
ion implantation tool. If the tool type is changed, a different positioner type may be
25 required that processes different features at different target locations. Either change
would probably require that the database be repanelized to accommodate the new
positioner and tool.
Panelization further requires that each panel within a database must abut
adjacent panels within the workpiece without causing a tool operation to straddle or
30 overlap a panel boundary. In the example of integrated circuit 10, if instead of an
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therementalt vy What is needed, therefore, is a high throughput apparatus and method for

accurately positioning a wide variety of tools relative to a wide variety of
workpicces without requiring a panelized tool path database.

Summary of the Invention

An object of this invention is, therefore, to provide an improved am

15 and method for automatically and optimally allocating database positioning
commands among muitiple positioners in a multi-tool processing system.

An advantage of this invention is that it provides an apparatus and a method
for performing tool path operations simultaneously on muitiple workpieces without
requiring a panelized database.

20 Another advantage of this invention is that it provides an apparatus and a
method for improving the accuracy and throughput of multiple simultaneous tool
path operations employing a multi-rate positioning system.

A multi-rate positioner system of this invention receives unpanelized
positioning commands from a database, profiles the commands into half-sine

25 positioning signals, and further processes the half-sine positioning signals into low-
frequency and high-frequency positioning signals for actuating respective slow and
fast positioners to target locations specified by the database. The slow and fast
positioners move, without necessarily stopping, in response to a stream of
positioning command data while coordinating their individually moving positions to

30 produce temporarily stationary tool positions over target iocations defined by the
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nonresponsiveness of the slow positioner to fast stage components fed through the
profiling filter are corrected by directing these feedthrough-related errors to the fast
positioner as part of the fast positioner comunand. Positioning errors caused by
inertia and friction associated with the positioners are corrected by comparing the

15 actual tool position with a commanded tool position in feedback networks that
modify the slow and fast stage positioning signals.

A multi-rate, multi-head positioner embodiment of this invention receives
and processes the unpanelized positioning commands as above to actuate the slow
positioner and multiple fast positioners that are mounted on the slow positioner to

20 simultaneously position multiple tools relative to target locations on muitiple
associated workpieces. Each of the fast positioners is coupled to a fast stage signal
processor that provides corrected position data to each fast stage positioner to
compensate for fast stage nonlinearities and workpiece placement, offset, rotation,
and dimensional variations among the multiple workpieces.

25 The multi-rate, multi-head positioner system reduces workpiece processing
cost and improves workpiece processing throughput by simuttaneously processing
multiple workpieces with a single system. Moreover, processed workpiece rejects
are reduced because of the ability to process workpieces having placement, offset,
rotation, and dimensional variations.
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PCT/ US97/ 03385 already had their conductor layer cut. The process yield is increased by performing
a workpiece calibration prior to each cutting step to account for any ECB
placement, offset, rotation, and dimensional variations.

15 Additional objects and advantages of this invention will be apparent from the
following detailed description of preferred embodiments thereof, which proceed
with reference to the accompanying drawings.

Bri iptio wings
Fig. 1 is a pictorial plan view of an integrated circuit work field panelized

20 for tool processing according 1o a prior art positioner movement panelization
scheme.

Fig. 2 is a pictorial block diagram of a multi-stage laser beam positioning
system of this invention.
Figs. 3A and 3B are time versus velocity graphs showing respective two-

25 and three-segment positioner velocity profiles processed from positioning commands
according to this invention.

Fig. 4 is a fragmentary pictoriai side view showing a prior art galvanometer-
driven mirror positioner of a type suitable for use with this invention.
Fig. 5 is a waveform graph representing fast and slow positioner stage
30 velocities and positions responsive to positioning signals according to this invention.
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on slow stage 58, other configurations of tool positioning systems, such as one in
which muitiple fast stages 54 are mounted on slow stage 56 and multiple workpieces

20 62 are mounted on siow stage 58, may advantageously employ this invention.

A system control computer 63 processes a tool path database stored in 2
database storage subsystem 64. The database contains the desired processing
parameters for cutting holes and/or profiles with laser beam 60 in workpiece 62.
The database is conventionally compiled using a tool path generating program, such

25 as SMARTCAM™ manufactured by Camex Manufacturing Technologies located in
Eugene, Oregon. System control computer 63 conveys parsed portions of the stored
database to a laser controller 68 and position control portions of the database as a
data stream to a delta process 70, Delta process 70 resolves the data stream into
delta position ("dx" and "dy"), delta velocity (*dv"), and delta time (*dt")

30 components for each intended change in the path of laser beam 60 across workpiece
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A preferred enbodi ment of the nulti-rate, multi-head positioner cuts blind
via holes in etched circuit boards ("ECBs") with inproved throughput and
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unpr ocessed ECBs whi | e concurrelrllg?lﬁyw%l?ﬁﬁ%dgﬁ tf}hﬁr%“ C ayershf Wﬁ
have Alr ea’fﬂ/aﬂa@ﬂhﬁeﬂ‘-‘)"l‘mw atriggeying process tRtsynehoanizes the fifing ofsa

i ncreased by perf oagd Bg ' 0_gac
cutting step to account %emono%t@g@%ﬁ aﬁ?éiogjng#tegg %Asgé aécl%‘ﬁ% p’o’h,
and di nensi onal veﬁymmmmﬂﬁzhmqne suchasoneﬁdbicmbedrinlU SbPstcNe. 5,483,594,
advant ages of thi Wi n
detail ed descripti on OS%‘@%%&%EW?%M%W @hbigé&sm&i
with reference to COORDINATION)SYRTEM 2whidH s asstgned to the assignee &¥ thfdap P

Descri ption g@ the Dra Is a,pictorial, plran V|ew

of an integrated cir cuﬁﬁm ! mlq“‘z@& dy, dV' and dt components maccordance
with 2 preferred BASIC language signal processing procedure described below with

reference to Pigs. 3A and 3B.

Before calling the preferred procedure, referred to as "gen_move," limiting
values for maximum acceleration (amax), maximum velocity (vmax), and minimum

15 time (tmin) are initialized. The limiting values are physical hardware limits

imposed by the particular positioner hardware (fast or slow) that is required to move
a majority of the distance in response to a particular positioning command. For
example, if the movement distance is less than 25 percent of the maximum fast
positioner movement range, then the values are set for the fast positioner.

20 Otherwise the values are set for the slow positioner. Limiting values for fast stage
54 and slow stages 56 and 58 are:
Fast Slow
vinax (Meters/Second) 1 025
amax (g) 50 1.0
25 tmin (Milliseconds) 2 20.0

Procedure gen_move calculates the dx, dy, dv, and dt values required for a
positioner stage to move in either two or three movement segments from any initial
position and initial velocity to any final position and final velocity.

All movement segments include some combination of a half-sine profiled

30 acceleration segment ("segment 1"), a constant velocity segment ("segment 2*), and
a half-sine profiled deceleration segment ("segment 3*). As shown in Fig, 3A,



20 for tool processing according to a prior art positioner novenent

panel i zati on schene. Fig. 2 is a pictorial block
diagram of a nulti-stage | aser beam positioning systemof this

i nventi on. Figs. 3A and 3B are tine versus velocity graphs
showi ng r esF¥RIT406 - 25 and three-segment positi one®CFEISHHI3385
profiles processed from positioning commands according to this

i nventi on. Fig. 4is a fragnéﬁtary pictorial side view
showi ng a prior art gal vanoneter- driven mrror positioner of a

type suitable for use with this inventiaqn, Fig. 5is a
wavef or m gr aph rs’ﬁ‘f'é_éa?f'P%W §M“§“§%‘ﬁ9&¥ih’?ﬁl‘%?‘f‘§? mjé”émm velocity to
velocities and peachiefihs +aaR065 witx! Seghfdfi 2 iOMkRBed béREeSsepmentt 41204 3t O
this invention. . WD 97/ 34206

PCT/ US97/ 03385 Otherwise, as shown in Fig. 3B, a two-segment movement command is execgted

Fig. 6 is an obl ygs ' ' | ] ' ach,[l‘%ﬁ chj.ni ng
systemof this i nvgﬁ}cimgﬁg. Qﬂy%ﬁé&v\i WW&WL#%E?}M npl ﬁee%ﬂe% rical
bl ock di agr &m of Eenetallyi qonforms 4o\aind skilled seoriens will readily undessind, thecfoliohving
mul tiple fast st [ rs enployed in the multi-head 5
| aser nachi ni ng g&?%%%%eg&@ﬁag Fig. 8is asinplified
el ectrical bl ockPROSEDURS fgem movef(g&1H&)t pl e fast stage si gnal
processors enployed in the digital signal processing systemof Fig. 7.
Detai | ed Descri pREMARR Prgf and ¢H" kilyelitdt® iité an indexed array of positions and

10 velocities extracted from the database.

xi=px(g&) linitial x position lum

yi=py(g&) linitial y position

xvi=vx(g&) linitial x velocity lum/sec
15 yvi=vy(g&) linitial y velocity

xf=px(h&) !final x position

yf=py(h&) !final y position

xvif=vx(h&+1) final x velocity
20 yvif+vy(h&+1) !final y velocity

REMARK  Calculate the maximum (or minimum) absolute velocity for X and Y
movement based on the total change in position, initial and final velocities, and the
minimum movement time (limited to vmax).

25 dx =xf-xi
dy=yf-yi

xvmax =dx/tmin-(xvi +xvf)/2
IF xvmax > vmax
30 XVInax =vmax
ENDIF
IF xvmax < -vmax
XvVInax=-vmax
ENDIF
35
REMARK  Assumes that dt! = dt3. If dtl and dt3 = tmin, maximum velocity
is employed.

yvmax =dy/tmin-(yvi+yvf)/2
40 IF yvmax>vmax
yvimax=vmax
ENDIF



Fig. 2 shows a nulti-stage tool positioner system 50 having positioning 10
- command execution capabilities in accordance with this invention.

Posi ti oner system 50 is described only by way of exanple with
reference to_a | e- head, | aser - based hol e cutti ngcfysshessss hat
enpl oys a diﬂﬂ’é’i’?‘ gnal processor ("DSP') 52 to control a fast

gal vanonet er p05|t|oner stage 54 ("fast stagqi54"), a slow X-axis
transl ati on stage 56 ("slow stage 56"), and a sI ow Y-axis translation stage

58 ("slow 15 stage 58") to direct a | aser beam 60 to target |ocations on
a single workpiec ¢max <- such as an etched circuit board. Although
positi oner system O gured with single fast stage 54
nount ed on slow s and a single workpiece 62 nmounted on sl ow
stage 58, other c "gur ati ons of tool positioning systens, such as one in

which mul ti pl fai@iﬂi es ﬁé Elre unted gn,s STl |l e
wor kpi eces 2 éﬂg (fiﬁ“% gﬁi(gﬁe;@g vant aﬁeous%"g
enploy this invenfyayired t to execute ”’m’ corrputer 63
processes a tool path database stored in a dat abase storage
subsystem 64. The =(P12)/2@8xt ai ns t he deSi red roceSSi
parameters for cuthmermi gﬁ%ﬁo in
wor kpi ece 6210 dt3 = MAT(rain ABY G Tixymapytime) using a tool
pat h generating program such 25 as I\/[err] manuf act ur ed Canmex
Manuf act uri ng Teclﬂéﬁé&l{es Cygm(gtzﬁorbothmex Q‘E‘ny‘} éﬂz“
control conputer @Sultdnpesjtiveparconstansyelocitysegofent @Md xd22 and ydt3 alsghase
to a laser controldetermif8 aztothipens agis ohe.c thetaxis thatoequires sheymogtHime g meves8 as a
data stream 1 a deohstant prasivmens velocitydel t a process 70 resol ves the data
streaminto delta position ("dx" and "dy"), delta velocity ("dv"),
and delta time ("dF'xvmaR>0 conponents for each intended change in the
path of |aser beam &di2a¢dheQEvivomar) ILH2)-((xvf-+vmatPdB/2 34808
PCT/ US97/ 03385 ELSE
) 20 xdt2 = (dx-((xvi-vmax)*dt1/2)-((xvf-vmax) *dt3/2))/-vmax
ENDIF
IF yvmax >0
ydt2 =(dy-((yvi+ vmax)*dt1/2)-((yvf+vmax)*dt3/2))/vmax
ELSE
25 ydt2 =(dy-((yvi-vmax)*dt1/2)-((yvf-vmax)*dt3/2))/-vimax
ENDIF

IF xdt2>0 OR ydt2>0 Ithree segment movement
REMARK  Calculate dp,dv for each movement segment
30 IF xd2 > ydt2 IX axis Primary
dx1=(xvi+xvmax)*dt1/2
xdvl=xvmax-xvi
((-xvx-xvmax)*dtlll)+((— xvmax-xvl)*dt3/2) +dx
: xdv2=0 '
35 dx3 =(xvmax +xvf)*dt3/2
xdv3 =xvf-xvimax
yd2 =xdt2
kb=1/(2*ydt2 +dt3 +dtl)
dyl =((yvi-yvf)*((dt]1 *dt3)/2 +(dy +yvi*ydt2)*dt1)*kb
40 ydvl =((-yvi-yvi)*dt3 +2*dy-2*yvi*(yd12 +dt1))*kb
dy2 =(2*dy-dtl *yvi-d2*yvf)*ydt2 *kb
ydv2=0
dy3 =((yvi-yvi)*((dt3*dt1)/2 +(dy +yd@2*yvf)*dt3)*kb
ydv3 =((yvi-+yvi)*dtl-2*dy +2*{dt3 +ydt2)*yvf)*kb
45 ELSE 1Y primary axis



9 62. Consequently, each novenent of |aser beam 60 is defined in

dx, dy, dv, and dt conponents that are further processed by a
position profiler 72 into a hal f-sine profiled positioning signal.
Laser controller 68°is controlled by timng data generated by delta process
5 - 70 arMOPTMeeer coordinated by a triggering process tREHUSIYIREH oni zes
the firing of a | aser 76 to the no{ion of fast stage 54 and sl ow
stages 56 and 58 according to a syffchroni zati on techni que, such as
one described in U 'S. Pat. No. 5,453,594, i ssued Sept enber 26,

1995, for RADI ATI EA&I_ POSI TI D EM SSI ON COORDI NATI ON
SYSTEM whi ch is asg} gne &W%"quéggli gnee of this application. 10

Delta process 70 g apmaxEY dv, and_dt nponents in accordance
_?(‘Jﬂbﬂﬂﬂ%‘?g‘lﬁiﬂ( ‘s)’é’p%@ﬁ??(rgé'@cgdure descri bed bel ow.

with a preferred BA

with refer 4o Fi gs. 3A and 3B. Before calling
the preferr®d proceMFEYVmax£y¥RYe as "gen nove," liniting val ues
for maxi mum accel er¥v35i -YWARR | maxi num vel ocity (vmax), and mininmum 15 -
time (tnmin) are ini¥dF¥#ed. The limiting val ues are physical hardware
limts i npddenl AdFxdR-di3Hdildul ar positioner hardware (fast or slow)
that is required totudeUéxvi-xv)*((dtl SdtBH2 bidxeixvifxdtZytdtt)*kh ance i n response to
a particul 8 posi tixsdvil ré(-svirvf) a3 20dx-2*xvi*(xd2ebdaliptkb, i f t he novenent

di stance is | ess thix2=A3*pedidtxti-d@*xvHexdd*kbnum f ast posi ti oner
novenent range, thexivRe® val ues are set for the fast positioner. 20

O herw se the val ueix3as(exviavi)* Qa3 +dre)/ 3+ QIN-HpAI*vHPrR3)*kbi M ti ng val ues for

fast stage X3 e kv ovf) St Y Sdx 42 (R4 x83) D) kb
Fast Sl ot ENDIF vmax (Meters/ Second) 1 0. 25
amex (9) ELSE !two segme?® movemént0 25 tmn (MI1iseconds)
2 20.0 _ REMARK Eﬁﬁﬁﬁé%&aﬂ&ﬂg%‘ﬂ%mﬁﬁh@%%@égﬁ@ﬁs@&mgﬁ’ dv, and
d':] val ues requi r eflydnveime (xvi,xvf,xPREkdt ?)ner stage to nbve | nde! ther ]tvvo or
three movenent segivat : position and initia
vel ocity tgpany final p%'éﬂkg?%ﬁ%%*‘ﬁ& vel ocity. Al l
movenent segnenREMARKUICESOR &8 Ve e P D" = Shé'fr %t«'dbf&&g
accel eration segnent ("segment 17), a constdnt velocity segnent ( segient
2"), and dt] =MAX(xdt,ydt)
di3=dt1
25
REMARK  Calculate dp and dv for segments 1 and 3,
twosegmentmove
xdt2=0
ydt2=0
30 dx2=0
dy2=0
xdv2=0
ydv2=0
ENDIF
35
RETURN

REMARK  End of procedure gen_move
40 PROCEDURE twosegmentmove

dx1=dx/2 +xvi*dt1/4-xvf*dt1/4
xdvl =dx/dt1-3*xvif2-xvi/2

45 dyl =dy/2 +yvi*dt1/4-yvi*dtl/4



a half-sine profiled decel eration segnment ("segnent 3"). As shown in Fig.
' 3A, WO 97/ 34206
PCT/ US97/ 03385

when a positioni ng command i s suff|C|enIy large to cause thg, &9&9?»5%9?
velocity to WO9IB420¢each either +vmax or -vmax, segnent 2 i's included

bet ween segnents 1 and 3. G herwi se, g shown in Fig. 3B, a
t wo- segnent novenent conmand is executed that includes only
segnents 1 and 3 (segnent 2 equals 0). Procedure gen_nove 5 general ly

conforns to, and ski k readi | y understand, the follow ng
BASI C | anguage descr‘JidL’ge %MI ﬁﬁdﬂyb{]) DURE gen_nove (g& h&):

REMARK "g" and ' n i ndexed array of positions and
10 . velocities exg{d@gx_ Wg"% ase. xi =px(g&) linitial
X position !ygm % |t|aI y position xvi =vXx(g&)
linitial x ve OCIty 43?3144- —X(g&) linitial y velocity

_ e e i
xf =px( h&) Lfinal dé? +yvxl2+3"' Zpy(h&) I'final y position

RETURN
10
PROCEDURE twomovetime(vi,vf,ip,fp, VAR dt)
LOCAL kt,k2,k3
dt=tmin
ki=3%i+vf
15 kis=k1"2
k2 =(32/PTy*amax*(fp-ip)
k3 =P1/(8*amax)
IF kis+k2>0
dt=MAX(dt k3*(-k1 +SQR(klIs-k2)))
20 ENDIF
IF kis-k2>0
=MAX(dt,k3*(Xk1 +SQR(kls-k2)))
ENDIF
kl=vi+3*vf
25 =k1*2
IF Kis+k2>0
=MAX(dt,k3*(-k1 +SQR(kIs+k2)))
ENDIF
IF kis-k2>0
30 dt=MAX(dt,k3*(k1+SQR(kls-k2)))
ENDIF
RETURN

Referring again to Fig. 2, the dx, dy, dv, and dt components generated by

delta process 70 are further processed by position profiler 72 into the half-sine

35 positioning signal required to move fast stage 54 and slow stages 56 and 58 as
commanded by the database. Ideally, positioner acceleration is proportional to
motive force, and motive force is proportional to electrical current suppiied to a
positioner driver such as a linear or rotary servo motor or a galvanometer coil.
Therefore, the positioning signal produced by position profiler 72 is a series of

40 "full-spectrum” half-sine profiled acceleration-inducing positioning steps that cause
movements such as those shown in Figs. 3A and 3B. The full-spectrum bandwidth



xvf=vx(h&+1l) !final x velocity 20 yvf+vy(h&+l) !final y velocity

REMARK Cal cul ate the maxi mum (or m nimum) absolute velocity for X and Y
novenent based on the total change in position, initial and final
velocities, and the- m ni mrum novenent tine (limted to vmax). 25

dx =xf-xi WOII2PE —yf_yj xvmax=dx/t m n- (xvi +xvf )JCI/USITO3ISS | £
xvmax > vmax 30 XVMax=vmax ENDI F | F xXvmax < -vnax
XVITBX =- VITBX ENDI F 35 REMARK M Assunes that dtl = dt3. If dtl
an dt3 = tmn maxirrumvelocity ' i s enpl oyed.

El(laa)lé:dy/ tm - ek By beabddt 250 Her), ‘4 Brudwith sufficient to drive 3 typical -

galvanometer-driven mirror positioner at its maximum frequency.
Instantaneous values of the full-spectrum positioning signal are generated by
DSP 52 at a rate of about 10,000 points per second by empioying the dx, dy, dv,
5 and dt components generated by delta process 70 as variables for a sine value
generation program running in DSP 52. Alternatively, the dx, dy, dv, and dt
components may be employed to address and fetch associated sinusoidal waveform
values stored in a sine value lookup table that is incorporated within DSP 52.
The resulting full-spectrum positioning signal has acceleration and position
10 components that are received by a profiling filter 78 having a constant signal
propagation delay and a delay element 79 that compensates in DSP 52 for the
constant signal propagation delay of profiling filter 78, For example, delay element
79 delays the laser triggering pulses generated by position profiler 72 to coincide
with the delayed movements of fast stage 54 and slow stages 56 and 58, Profiling
15 filter 78 and delay element 79 also cooperate, as described below, 10 move slow
stages 56 and 58 smoothly over the average position profile while limiting its
acceleration to +1 g and cooperate to limit fast stage 54 positioning movements to
+10 millimeters.
The position component is received by profiling filter 78 to produce filtered
20 position command data for driving slow stages 56 and 58. Profiling filter 78 is
preferably a fourth-order low-pass filter represented below by Eq. 1.

) (.i]z + _29'_ + 1 1
25 © w

In Eq. 1, » is the natural, or cutoff, frequency of profiling filter 78 and { is its
damping ratio. Preferably, « equals 38 radians per second and { equals 0.707. The
0.707 value of ¢ is referred to as the critical damping ratio because it produces a

30 phase lag that is linear with frequency up to the cutoff frequency w of profiling



WD 97/ 34206

*PCT/ US97/ 03385 11 | F
yvimax <-vmax yVvVmax=- vhax ENDIF 5 REMARK  Cal cul ate dt
for segnents 1 and 3,” assum ng three segnents are requii

execut e t hi sWRFH¥WE ar positioni ng comand. kpo2=( g#@?fléot%%g

dt 1 =MAX(tm n, ABS( (xvmax- xvi ) *kpo2), ABS((yvrrj -yvi)*kpo2)) 10 dt 3

=MAX(t m nABS( ( xvf - xvmax) *kpo2), ABS( (yvf - yvmaxy*kpo2)) REMARK

Cal cul ate dt2 for both the x and y axis (xdt2 and ydt2). If either

vt also Lo FueEr B T i s Yehn e consant g My o209 Bl e
the most tine to posidorikg diPnal having S ! fRsgbenti confen upclothié hatural frequency. | For the

Xvmax>0 ggt 2;{1? - ((xvi +vmax) *dt 1/ 2) - ((xvf +vnmax) *dt 3/ 2) ) / vimax
ELSE 20 xdt Fa( dfeer, 3y AAYALS e x) *dt 3/ 2) )/ - vimax

ENDI F | F yvmax> . Yehicey ¥t ies mmand ;
+vmex) *dt 1/ 2) - ((yvf +vng§?’g§ft%rlo%l?%/€hntgarxﬁ& y‘ltzill_n%rédfgsmonco data having

ydt 2=(dy- ( (y\A - viresnstant time delay with respert wi B¢ hylf-sing positioning signal position
I'F xdt2>0 OR ydt ZEME The>ESHSERAY tiH® X&ﬂ? thompensated for by delay element 79. Delay
element 79 is preferably implemented in DSP 52 as a programmied delay in
conveying the half-sine positioning signal acceleration and position components from
position profiler 72 to fast stage 54 signal processing elements, the first of which
10 are adders 80 and 82. Thereby, half-sine positioning signals directed to fast stage
54 are time synchronized with the filtered position commands directed to slow
stages 56 and 58.
The acceleration component from position profiler 72 is aiso filtered by
profiling filter 78 to provide a filtered acceleration command to adder 80 and a feed
15 forward process 94. Adder 80 functions as a high-pass filter by subtracting the
filtered acceleration command from the acceleration component of the full-spectrum
positioning signal to form a galvo acceleration feed forward signal, which is
conveyed to a feed forward process 86. Likewise, the filtered position command
from profiling filter 78 and the delayed position component of the half-sine
20 positioning signal are conveyed respectively to adders 90 and 82 for processing and
distribution, respectively, to slow stages 56 and 58 and fast stage 54. A galvo filter
97 and a servo filter 98 are conventional loop compensation filters that function to
keep fast stage 54 and slow stages 56 and 58 stable.
Profiling filter 78 is implemented by cascading two or more second-order
25 filters having critical damping ratios. As the number of cascaded filters increases
beyond two, their cutoff frequencies increase by about the square root of the
number of filters (e.g., two filters have cutoffs that are 1.414 times the cutoff for a
single filter). Preferably two filters are cascaded to provide good smoothing while
keeping the overall filter impiementation simple.



REMARK  Cal cul ate dp,dv for each novenent segnent 30 | F xdt 2>ydt 2

IX axis Prinmary dx1l =(xvi +xvmax)*dt 1/ 2 xdvl
=XVMax- XVi dx2=((-xvi -xvmax) *dt 1/ 2) +( (- xvmax- xvf) *dt 3/ 2) +dx
xdv2=0 35 - dx3 =(xvmax+xvf) *dt 3/ 2 xdv3 =xvf - xvimax

ydt 2=xdt 2 WO 9734206 kb=1/ (2*ydt 2+dt 3+dt 1) dy PCT/US97/03385

=((yvi-yvi)*((dt1*dt3)/2 +(dy+yvi*ydt2)*dtl)*kb 40

ydvl=((-yvi-yvf)*dt3 +2*dy-2*yvi *(ydt 2+dt 1) )¥kb

dy2=(2*dy-dt 1*yvi - dt 2*yvf) *ydt 2*kb ydv2=0 dy3
=((yvf-yvi)*((dt3*dt1)/2+(dy +ydt2*yvf)*dt3)*kb ydv3 =((yvi
+yvf) *dt 1- 2xdy +2* (dt %‘bqpmiixpgﬁmy raspons represented bgiEq. 1 can be expressedas arar y

axi s V\Dgﬁér’é R aqe . . ..
PCT/ US97/ 03385 éz&;@lvalent through a bilinear transformation. The resui% digital transfer

dyl =(yvi +yvimax) fupctigpis represented below by [Eq=2v max- xvi

5 Gz(s) = Mz2+2:41) @)
(zz+blz +bz)2

The time-domain equations for filter outputs y, and w,, given prior inputs and
outputs, are represented below by Egs. 3 and 4.

10
Yi = Wet2wy  +Wio-bi¥i -byYes 3
Wy, = k(V,+2V,,+V,5)-biw,-bow,, @
15 The coefficients in Eqs. 3 and 4 are determined as represented below in Eq.
5.
[ wT? d
, 4+4{Tw + T’w?
k
20 b1l = -8 427"’ ®
2.2
52 4 +4{Tw +T*w
-4{Tw +4 + T
| 4+4{Tw+T%? |

25 In Eq. 5, T is the sample period of the filter, w is its cutoff frequency, and [ is its
damping ratio.
For profiling fiiter 78, the preferred 38 radian per second cutoff frequency
(about 6 Hertz) is a very low frequency compared to the 10 kiloHertz rate at which
DSP 52 updates positioning data for slow stages 56 and 58. If profiling filter 78
30 runs at the 10 kiloHertz slow stage update frequency, the discrete filter coefficients
become sensitive to roundoff errors because the poles of the discrete filter move
close to the unit circle. Therefore, it is preferred that profiling filter 78 run as two



dy2=((-yvi-yvmax)*dt 1/ 2) +( (- yvmax-yvf)*dt 3/ 2) +dy ydv2=0 5

“dy3=(yvmax+yvf)*dt 3/ 2 ydv3 =yvf - yvnax xdt 2=ydt 2
kb= 1/ (2*xdt2 +dt3 +dt1) dx1
=((xvi -xvf) dt 1*dt 3) / 2+( dx+xvi *xdt 2) *dt 1) *kb 10 xp(\ﬁjm
=((-xVi - xvf)‘(" 9334206} - 2+ xvi * (xdt 2+dt 1)) *kb SITIRS
dx2=(2*dX- dt 1*xvi - dt 3*xvf) *xdt 2* kb v xdv2=0 dx3
=((xvf-xvi)*((dt3*dt 1)/ 2+(dx +xdt2*xvf)*dt3) *kb xdv3 =((xvi
+xvf) *dt 1- 2*dx+2* (dt 3 +xdt 2) *xvf)*kb 15 ENDI F ELSE !two

segmonts 1 and 3. second-ontir s es feptesuthel 5 s 908 4T Yoy (hB'GRACE o S '
t wonovet i nme ( yvi }eqﬁat;dn,guﬂ tqﬁeép 186 filter coeffidRinitd\Feisonably contvalled e Prefiling filter 78
AN AT EY AW AT
t wosegment nove filtered aﬁﬂéﬁﬁ&l command that/id!cém to servo feedk Rotard process 94
dy2=0 xdv2=0 ydv2=0 ENDI F

5 and to adder 80.

The desired move profile commands are preferably calculated at the 10
kiloHertz updating rate, and the slow stage acceleration and actual (not commanded)
position is subtracted therefrom at adders 80 and 82 to produce, respectively, the
fast stage acceleration and position command signais.

10 The fast stage acceleration command signal is processed through adder 80
and feed forward process 86, while the fast stage position command signat is
processed through adder 82 and galvo filter 97. The processed fast stage signals are
combined in an adder 84 and conveyed to a galvanometer driver 88.

Likewise, the slow stage filtered acceleration command is processed through

15 a feed forward process 94, while the slow stage filtered position command is
processed through adder 90 and servo filter 98. The processed slow stage signals
are combined in an adder 92 and conveyed to a linear servo motor driver 96.

Galvanometer driver 88 provides deflection control current to a pair of
mirror deflecting galvanometers in fast stage 54, and servo motor driver 96

20 provides control current to linear servo motors that control the positioning of slow
stages 56 and 58.

Fig. 4 shows a prior art galvanometer-driven mirror positioner 100 of a type
suitable for use as fast stage 54. Galvanometer driver 88 (Fig. 2) provides
rotationat control current on conductors 102 to respective X-axis and Y-axis high-

25 speed response D.C. motors 104 and 106 that rotate shafts 107 in bearings 108 to
selectively pivot a pair of mirrors 110 and 112 that deflect laser beam 60 through an
optional jens 114 to a predetermined target location on workpiece 62.

Alternatively, a nonbearing motion positioner, such as a piezoelectric
element, a voice coil actuator, or other limited angle high-speed positioner device



35 RETURN REMARK  End of procedure gen_nove 40

"PROCEDURE t wosegnent nove dx1l =dx/2 +xvi*dtl/4-xvi*dtl/ 4
xdv1l=dx/dt 1- 3*xvi/2-xvf/2 45 dyl =dy/2+yvi*dt 1/ 4-yvi*dt1/ 4

WD 97/ 34206 :

PCT/ US97/ 098BI34206 PCT/U§93/03385

ydvl =dy/dt 1-3*yvi/2-yvf/2 dx3 =gx/ 2-xvi *dt 3/ 4 +xvf*dt3/4
xdv3 =-dx/dt3 +xvi/2 +3*xvf/2 5 3 =dy/ 2-yvi *dt 3/ 4+yvf*dt 3/ 4
ydv3 =-dy/dt3 +yvi/2+3*yvf/2 ' RETURN

could be used in place of galvanometer-driven mirror positioner 100 in positioner
system 50.

Likewise with reference to Fig. 2, alternative accurate rotary or linear

positioner mechanisms may be substituted for the linear servo motors driving slow
5 stages 56 and 58. However, in positioner system 50, lincar motors that
preferentially respond to the slow stage position command are preferred.

Two signals are combined with the slow and fast stage position commands to
reduce positional errors between the commanded position and the actual position of
laser beam 60 on workpiece 62. The delayed fast stage position command at adder

10 82 and the filtered slow stage position command at adder 90 represent the ideal
signal values required to cause proper positioning of stages 54, 56, and 58.
However, practical factors such as gravity, friction, mass, and inaccuracies in the
full-spectrum positioning signal generated by position profiler 72 are not
conternplated in the unmodified position commands.

15 The practical factors are accounted for by sensing the actual positions of
stages 54, 56, and 58 with position semors- 120 and 122 to provide predictive
position feedback data to adders 82 and 90 in DSP 52. Note that adder 82 in the
fast stage positioning path receives position feedback data from both position
sensors 120 and 122. Position sensors 120 and 122 may be well-known types

20 employing rotating capacitor plates, linear and rotary encoder scales, or
interferometer motion detectors together with appropriate analog-to-digital and/or
digital-to-analog conversion techniques.

As laser beam 60 undergoes movement across workpiece 62, the sensed
beam position is continuously compared to the commanded beam position, with the

25 positional difference representing a degree to which the practical factors have
caused positioning errors. In particular, sensed position data of fast stage 54 and
slow stages 56 and 58 are generated by position sensors 120 and 122 and subtracted
from the commanded position at adder 82 to generate positional difference data that
are combined in adder 84 with acceleration data from feed forward process 86.

30 Likewise, sensed position data of slow stages 56 and 58 arc generated by position



10 PROCEDURE t wonovetinme(vi,vf,ip, VAR dt) LOCAL k1, k2, k3

dt=tmn k1 =3*vi +vf 15 kls=k1"2

k2=(32/ Q') *amax*(fp-ip) k3 =PI/ (8*anax) I F kls+k2>0

dt =MAX( dt , k3* (- k1+SOR(k1s-k2))) 20 ENDI F ﬁ’?’%

dt =MAX( dt , k3VPRIFR k1s-k2))) ENDI F kl- VI + 25
kls=k1"2 | F k1s+k2>0 dt gVAX(dt , k3* (- k1+SQR( k1s+k2)))
ENDI F | F k1s-k2>0 30 dt =MAX(dt , k3* (k1+SQR(kls-k2)))
ENDI F RETURN Referring again to Fi g 2, the dx, dy,

or cessed by post AT AFAFIT Ptatk fipm i efiphfacl REag of dhckt B0 (o ichfie

signal required t@omumﬂmmmmtﬁdtmchm&meﬂ mt sigers95@ith actelethtian data from
commanded by the 3 i{éase | deal |y, positioner acceleration is proportional
to moti ve ASESOWAProEs3S %% force is proportional to el ectrical

current supplied to a Fig, 5 graplicdilyl ShROWE how ifase 6tage! S and slow!stagesas6 sid S0t ary
servo notor or a gal vanoneter coil. Therefore, the, positionin

si gnal produced bFORRdinate; their gRayEMmeRts inygesponse 10s3 FepgeseRiative full-spectrum positi

that cause | MPIIZAGRNA in Wi Bnf S LMIES iCDOR ”Z"‘gﬁwwg%ﬁ“eps

ful | - spect rum bandttduengy position ("HFP") signal portion 130 and a low-frequemy position
("LFP") signal portion 132. HFP signal portion 130 represents the AC-coupled,
25-250 Hertz high-passband portion of full-spectrum positioning signal 128, and

10 LFP signal portion 132 represents the direct-coupled, 0-25 Hertz low-passband
portion of full-spectrum positioning signal 130.

Bach haif-sine profiled positioning step in full-spectrum positioning signal
128 (uniquely identified by a letter suffix, e.g., 128A, 128B, 128C, and 128D)
causes a correspondingly identified step in HFP signal portion 130 (e.g., 130A,

15 130B, 130C, and 130D). In this example, each positioning step is separated from
adjacent positioning steps by about 10 milliseconds, but the time separation, if any,
is a function of timing data in the tool path database.

Fig. 5 further shows a resultant fast stage velocity waveform 134 and a
resultant slow stage velocity waveform 136 that reveal, respectively, how fast stage

20 54 and slow stages 56 and 58 respond to HFP signal portion 130 and LFP signal
portion 132,

In particular, HFP signal portions 130A, 130B, 130C, and 130D each
include acceleration segments that cause fast stage 54 to undergo sine-profiled
velocity changes as represented by corresponding fast velocity waveform pulses

25 134A, 134B, 134C, and 134D. Fast velocity waveform 134 has a baseline 138 that
transitions in a negative velocity direction and settles at a value of about -100
millimeters per second. This baseline shift is caused by combining in adder 80 the
delayed and filtered acceleration commands.

HFP signal portion 130 also represents how fast stage 54 responds

30 positionally to each of fast velocity pulses 134. The peak fast stage positioning
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need only be about 250 Hertz, a bandwidth sufficient to drive a typical

gal vanoneter-driven -mrror positioner at its nmaxi mum frequency.

| nst ant aneoW® %§/a420€s of the full-spectrum positioni ng si gnelTa9&0¥8her at ed
by DSP 52 at a rate of about 10,000 points per second by enpl oyi ng
t he. dx, dy, dv, 5 and dt conponents gederated by delta process 70 as
vari ables for a sine val ue generation programrunning in ‘DSP 52.

Al ternatively, the dx, dy, dv, and dt conponents may be enpl oyed
to address and f@Mmqmtddmsnmmmﬂahs stue? @ millimeters, whickids wels widhiy ed
in a sine val ue that is orated within DSP 52.

The resul ting futh?qé%@g’fn?a%?ﬁelwgf {qngﬁp 8 %‘Y‘Sﬁéﬂ gﬂ&é %‘?fgl'@rvﬁ? PYHOE Nd
p05|t|on 10 positidpsrnent s that are received by a profiling filter 78

havi ng a constant si %@ ] ) ropagation delay and a del ay el enment 79
that conpensates in signal pprtjog 132 SOWS%MHPWWGQ%%QMn

del ay of prsfil ipesitibhaityo slctv v&@éxgﬁ%%zﬁz 136! §% {outyyg m 13 del ays
the laser triggering pul ses generated by 05|t|on prof| 10 Col nei de
with the del aye&'ﬂ?ﬁ%@?ﬁeﬂ%muwa&wﬁy and dettieoa asvalipsef abutahtDsS.

el ow, 1o move bk b 8Rnd T18 €AY, oyl e QORI gnect b
posi tion profil avitthfine suchthati atdedst ene of slow stagu:cﬁﬁedrﬂr&ﬂtdoamnﬁtcstop]mawﬂgld
miireters. | FubsBli foudise sigrl Roh e ERFRras 1 net pesiony
profiling 101t emesnRtingcfrem akiticamBinéd faseahd slow stage positions represented respectively

by waveforms 132 and 130. Plateaus 140A, 140B, 140C, and 140D indicate 10

millisecond time periods during which the coordinated position is stationary even

though stages 54, 56, and 58 may all be moving. This is clearly shown for plateau

140C, directly under which waveforms 130 and 132 intersect with substantially

15 equal and opposite slopes. Plateaus 140 correspond to time periods during which

laser 76 may be triggered to process holes in workpiece 62.

The above-described coordinated positioning is particutarly beneficial for
applications such as laser beam hole cutting that requires rapid movement between
target locations along a tool path combined with pauses at each target location to

20 fire the iaser to cut a hole but, of course, is not limited to that application.

Fig. 6 shows a multi-head positioner 150 embodiment of this invention in
which muitiple workpieces 152A, 152B, 152C, ... 152N are simultaneously
processed. (Hereafter multiple etements are referred to colleétively without the
letter suffix, e.g., "workpieces 152"). Multi-head positioner 150 employs one each

25 of slow stages 56 and S8 configured such that workpieces 152 are fixtured and
carried on Y-axis slow stage 58 and multiple fast stages 154A, 154B, 154C, ...
154N are carried on X-axis slow stage 58. Of course, the roles of slow stages 56
and 58 may be reversed.

As the number of fast stages 154 carried on slow stage 58 increases, their

30 accumulated mass becomes increasingly difficult to accelerate. Therefore, the



20 posi tion command data for driving slow stages 56 and 58. Profiling

‘filter 78 is preferably a fourth-order |ow pass filter represented
bel ow by Eq. 1. G S)=[err] 25 In Eq. 1,
[err] is the natural, or cutoff, frequency of profiling filggf #8”0 [err]
isits WO WM6ng ratio. Preferably, [err] equals 38 r MRE0SE
second and [err] equals 0.707. The 0. 707 value of [err] is referred
to as the critical danping ratio because it p?loduces a 30 phase | ag

that is linear with frequency up to the cutoff frequency [err] of profiling

WO 97/ 34206 . .
PCT/ US97/ 03385 number N of fast stages 154 carried on slow stage 58 is preferably limited to four,

filter 78. The Ii rm{,“%ﬂnq&ylﬁgy Witk fokitione? tfpeS AR$ hfplicatidnge del ay for any

hal f.- si ne positioning signal having a frequency content up to the
natural frequency. For Hapleof workpieces}52 hasassogiated Withit giPRecesfing-ipok prricrgbly 2

11 tered position WEkLS6A, 1568, 136ENS, RO AL binkcBobrot Seifl crcleP YA(ald Gociped
respect to th® halfaststages [fdd, t154B) G i.gri¥Nysway ofhassociated mirrors 158A, 158B,
158C, ... 158N. Fast stages 154 deflect the processing energy to target locations in
substantially square, 20 by 20 millimeter processing fields 162A, 162B, 162C, ...
162N located on associated workpieces 152.
Video cameras 160A, 160B, 160C, ... 160N are positioned on slow stage 56
10 for viewing associated processing fields 162, sensing the alignments, offsets,
rotations, and dimensional variations of workpieces 152, and aiming and focusing
lasers 156.
In the preferred embodiment, the same processing pattern is duplicated on
workpieces 152 by each of lasers 156 and fast stages 154. However, in some
15 processing applications, processing pattern variations may be required to match the
pattern to variations among workpiece geometries, scate factors, offsets, rotations,
distortions. It may also be necessary to correct for fast stage nonlinearities and
"abbe errors” (the degree to which a commanded tool position does not match a
sensed target location) introduced by mounting position variations among
20 workpieces 152 mounted on slow stage 58, Unlike prior multi-spindle drilling
machines, multi-head positioner 150 can compensate for the above-described
variations by employing programmable correction factors, described with reference
to Figs. 7 and 8, when driving each of fast stages 154.
Fig. 7 shows how multi-rate positioner DSP 52 (Fig. 2) may be adapted to
25 coordinate the positioning-of multiple fast stages 154 and slow stages 56 and 58,
resulting in 2 multi-bead DSP 170. In like manner to DSP 52, muiti-head DSP 170
receives from system control computer 63 dx, dy, dv, and dt components that are
further processed by position profiler 72 into half-sine profiled positioning signals.
DSP 170 also includes some of the same signal processing elements as DSP 52,
30 namely profiling fiiter 78, delay element 79, feed forward process 94, servo driver



conponent, the constant tine delay is conpensated for by delay el enent 79.

Del ay element 79 is preferably inplenented in DSP 52 as a
programed delay in conveying the hal f-sine positioning signal
accel eration and position conponents from position profiler 72 to

fast stage WQ9¥d430@l processing el ements, the first of whiREFUSITNIBS, ¢
adders 80 and 82. Thereby, half-sine positioning signals directed to fast

st age 54 are tine synchroni zed with2he filtered position commands
directed to slow stages 56 and 58. The accel eration
conmponent from position profiler 72 is also filtered by profiling

filter 78 to prc¥f.alowspge $Grand nesition senser 122. cBecavsedFig.o7 isciplif®d, enlg X f eed

15 forward prgee 3’95“5&% er
subt.racting the QSW%&H I'tere acéé%%%‘g%nﬁ§%mﬂ9 ???‘Pﬂt! ‘;m i on
conponent of t hethdudokrespondingiYhaxis elementsmsimplteui ng signal to forma galvo
accel eration feed for Sl naI h.is conv .to.a feed
forward process 86. %&g ’ﬁf”e%‘ﬁgsqat'r‘ “gﬁﬁiﬂa ve slow stages; 36, )
profiling f§!terand®8amd Nue:dﬁgayﬁd dGitibleOfst GRIFP RipRAlt 1934, fi7eghe 20
positioning si gr‘i%care 2& eyed respectively to adde s 90 and 82 for

t

processi ng and gafly raceiye fast é@%@ﬁw%ﬂﬂydﬂ@ om syfem qogtral 56 and 58
2gﬁvfeﬁff oﬁ;?gleomggggﬂ%%%f {agtr etrog&fpunct I on t 0 M%ﬁoi f ast
stage 54 and s| PRsition dats a6 reseived by cachinfcfast stage signal processorsFY72fsuch th;at gdcht er
(815! MY ETent o it sgaragh bl o Wit 3930 Bh B8R o bt Y e
beyond twol0 t heipositionabie b)f nnique crorcsorrentoredAe. by about the square root of
%1 1 ool b AR { ek oo B oA SR " o
are cascaded to xmemgiﬁisgmnﬂslmngb p@tmﬂhﬁ éata from DSP H2@® Rid@ricbtorPdss al |
filter inpl emsntﬁat ' O}Dstc?rrz] utgiloomputcr 63. The correction data include slow stage and

workpiece related correction data that are conveyed to a geometry correction

15 processor 180 and fast stage linearity and scale factor correction data that are

conveyed to a fast stage correction processor 182.

The correction data may be equation- or lookup table-based. However,
correction data employed by geometry correction processor 180 and fast stage
correction processor are preferably equation-based along lines described in U.S.

20 Pat. No. 4,941,082 for LIGHT BEAM POSITIONING SYSTEM ("the '082
patent”), which is assigned to the assignee of this application.

Fast stage linearity and scale factor errors are relatively constant and depend
mostly on the individual characteristics of fast stages 154. Therefore, fast stage
correction processor 182 requires relatively small and infrequent correction data

25 changes. Generating this correction data entails, for example, directing each of fast
stages 154 to at least 13 calibration points on an associated calibration target as
described in the *082 patent. A reflected energy detector senses any differences
between the directed and actual target point locations and provides difference data to
system control computer 63 for processing. The resulting correction data are

30 conveyed to and stored in each fast stage correction processor 182. Also, any
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The profiling filter response represented by Eq. 1 can be expressed as a

di screte equival enzt“through a bilinear transformation. The {’éf’g_“""’m’

di gital tran¥MAR4 function is represented bel ow by Eq.

&(z) = [err] Thetime-dongn equations for filter
outputs y[err] and werr], given prior inputs™and outputs, are
represented bel ow by Eqs. 3 and 4. 10 ylerr] =

Werr] = k(v er 1] e Botiets il el o bt cpe g pppns sengegpy o

The coefficients iassocipted Vided chmbridr 50Ge¢ edlibtatsdtandscotpensard foredStoad stagei N EQ.

> 20 linearity a[ngrsrr:zlle factor errors are also relatively constant and do not, therefore,
require frequent correction data changes.

5 On the other hand, slow stage and workpicce related errors are relatively
variable and depend mostly on workpiece placement, offset, rotation, and
dimensional variations among workpieces 152. Therefore, geometry correction
processor 180 requires relatively large correction data changes every time
workpieces 152 are changed. Generating this correction data entails, for example,

10 directing stow stages 56 and 58 and each of fast stages 154 to at least two, and
preferably four, predetermined calibration targets on each associated workpiece 152.
These calibration targets may be, for example, corners, tooling holes, or photoetch
targets of an ECB. Each video camera 160 senses differences between the directed
and actual calibration target locations and provides difference data to system control

15 computer 63 for processing. The resulting correction data for each workpiece 152
are conveyed to and stored in the associated geometry correction processor 180,

For each fast stage signal processor 172, corrected positioning data for the
Y-axis are conveyed from correction processors 180 and 182 to feed forward
process 86, galvo driver 88, and fast stage 154. Position feedback data are

20 generated by position sensor 120 (as in Fig. 2) and combined for correction in
adders 184 and 84. Skilled workers will understand that the same process applies to
X-axis fast positioning.

In applying the correction data to fast stages 154, each fast stage is

preferably limited to an 18 by 18 miilimeter positioning range within its 20 by 20
25 millimeter maximum linear positioning range. The remaining 2 millimeters of
positioning range is employed for applying the above-described corrections.

The foregoing describes signal processing for a single axis of motion for
each of the fast and slow positioner stages. Skilled workers will readily undesstand
how to replicate the signal processing to coordinate the motion of both axes, both

30 stages, and singie or multiple fast positioners.



25 In Eq. 5, Tis the sanple period of the filter, wis its cutoff
frequeny, and is its danping rati o, For profiling
filter 78, the preferred 38 radi an per second cutoff frequency

(about 6 Hertz) is a very |low frequency conpared to the 10 kiloHertz rate
at which  WO973@®P 52 updates positioning data for slow sPEHUSI7HR8ENd 58.

If profiling filter 78 30 runs at the 10 kil oHertz sl ow stage update
frequency, the discrete filter coefficients 24 becone sensitive to
roundoff errors because the poles of the discrete filter nove cl ose

to the unit circle. Therefore, it is preferred that profiling filter 78 run
as two WO 97/ 34206

PCT/ US97/ 03385 I - . . 17 .
second-order filters astyPepragglel%a[ugaq%&?@"@“&ﬁ&asif que‘&}}%”t fhch 35 blind o f
the filter via hojeyy it multilayerl BOBsk dMultilaper ECB$ are t?ﬁﬁlfyirﬁhﬁfdcﬁnécﬁﬁfonab' y
control | ed. Prof fil r. 7 . also recei vesus accel erat’ on
comand from posfﬁ“@%nﬁ g’ﬁf%d‘"ﬁ@ﬂ%t’ od pregsing multiple 0.05; fo; QP&

accel erati or$ cormﬂllllihetdﬂahckmrﬂﬁﬂv&)‘&ﬁy&ﬂ Y0 FayeF B/pically oritkindh @ 94 5
and to adder The desired npve profile conman s are

preferably cal cuf‘ﬁ?rﬁ‘ﬁfmﬁ‘fm’(“l‘l@df@d conductor pRRre,Hhich a gonstitutesa t he
sl ow stage accel edmpleR Bledtiital XohipBhert Hdhunfty TR MR fbonnection assembly. The

component and conductor density trend of ECBs is increasing together with that of
integrated circuits. Therefore, the positioning accuracy and dimensional tolerances
10 of holes in ECBs is increasing proportionally.

Unfortunately, the pressing step causes expansion and dimensional variations
that lead to scale factor and orthogonality variations among the ECBs. Moreover,
when multiple ECBs (workpieces 152) are attached to slow stage 58, fixturing
variations can cause dimensional rotation and offset errors among the ECBs.

15 Adding to that, ECB thickness variations make it difficult to mechanically drill holes
having an accurately predetermined depth.

This invention solves the above-described problems as follows. Two to four
calibration targets are etched at predetermined locations, preferably one at each
corner, on each ECB. Video cameras 160 sense differences between the

20 commanded and actual calibration target locations and provide difference data to
system control computer 63 for processing. The resulting correction data are
conveyed to and stored in geometry correction processor 180.

Two calibration targets provide sufficient difference data to system control

computer 63 to correct for rotation and offset variations among the ECBs. Three

25 calibration targets provide sufficient difference data to system control computer 63
to correct for rotation, offset, scale factor, and orthogonality variations among the
ECBs. Adding a fourth calibration target further allows for correction of
trapezoidal distortion in each of the ECBs.

ECB thickness variations are readily accommodated by the +0.13-millimeter

30 (£0.005 inch) laser depth of field.



position is subtracted therefromat adders 80 and 82 to produce,
‘respectively, the fast stage accel eration and position comrand
signals. 10 The fast stage accel eration conmand signal is

processed through adder 80 and feed forward process s%é& t he
fast- stage pMPPVHAcommand signal is processed thr&%?ﬁ‘ra 42 g2
and galvo filter 97. The processed fast stage signals are conbi ned
in an adder 84 and conveyed to a gal vanonet er2ri ver 88.

Li kew se, the slow stage filtered acceleration command is processed through
15 a feed forward process 94, while the slow stage filtered position

command is pr odeesssing bk i hales presengs hﬁgﬁgﬁ?‘?@m&"t@a@@l@rhe
processed sl ow st %&é&i%%?because f.th@ﬁﬁgg&ﬁﬁ', Bfafheled, S pRERIBRIng ©ldAkes

conveyed to a linear servo notor driver Gal vanonet er

driver 88 provi desnvmvedecThisis broaase blind iviar knies are typicglly progpssed through anfinsy or
defl ecting gal vanQieh L. fast éigg,e &ﬁl-lilﬂp r '

provi des control curren l?%krl(lg'ﬁ'ér 8 D or’ggoﬁ‘ﬁa'i‘&(e:gﬁp?égf the pd?lﬁiflg‘%]i ng
of sl ow 5 stlea)sthddiaghrutie 98 more dielectric layers (e.g:| golyitnidé,dFR-4aesin, or art
gal vanoneter-driven mrro ospfioner, 10Q of a t t%e suitabl.% fag‘{
use as fast stage M P@ﬁgﬂ?n\g’t@?ﬂmmvfﬁ% ester-ased regin, ceramic),
rotational controlupod btot StowghslskebAd Sontifetol Ryére SPRCiehiling<hdl¥ isSplated! with a
Y-axis high- 25 pCtgpe,ed response D.C. notors {04 and 106 t hat Iisf%t ate

shafts 107 in bearoRgtivegatepal to electrically copnert, e firss;apd secqnd, gondugior favessor s
Lo a predeter m ned t ar aorag AP 0 FRP O, Ml Bd Yagiioner 150 1RIgiRA a4 BB
Alternativel ¢ a M€$W@§M§mmW®m-m%t4,i% 6,
SL?F??E 8 V01 CC G probrbtiflla0" s sty 3iAna' IsBE SR U Wbl (VBIeRfE H'iess than
PCT/ US97/ 03385 about 355 nanometers), and lasers 156B and 156N are IR lasers (waveke@gth is in a
range from about 1,000 nanometers to about 10,000 nanometers, preferably 9,000
nanometers). Because the UV and IR lasers have substantially different
15 wavelengths, mirrors 158 and optics for fast stages 154 are configured for
compatibility with each associjated laser’s wavelength.

UV lasers 156A and 156C are capable of cutting both the first conductor
layer and the dielectric layer in a suitable manner. However, the laser power levels
and puise repetition rates must be carefully controlled to prevent unacceptable

20 damage to the second conductor layer. This results in a narrow "process window."
Therefore, UV lasers 156A and 156C are controiled to cut through only the first
conductor tayer and a portion of the dielectric layer, a process that has a wide
process window.

IR lasers 156B and 156N have a wide process window for cutting through

25 - the remaining dielectric layer without cutting through or damaging the second
conductor layer. However, the first conductor layer must be previously processed.

The ECB blind via cutting apparatus employs UV lasers 156A and 156C to
cut through the first conductor layers of workpieces 152A and 152C and IR lasers

1568 and 156N to cut through the dielectric layers on workpieces 152B and 152N.



could be used in place of gal vanoneter-driven mrror positioner 100 in

posi ti oner system 50. Li kewise with reference to
Fig. 2, alternative accurate rotary or |inear posi ti oner mechani sms
may be substituted for the linear servo notors driving slow 5 st ages

56 and 58. WO®®84206 i n positioner system 50, |inear notorSPAIREIT/0338S
preferentially respond to the sl ow stage position conmand are preferred.
Two signals are conbined with the sl ow and 2@st stage position commands to
reduce positional errors between the commanded position and the actual
position of | aser beam 60 on wor kpi ece 62. The del ayed fast stage
position command at ddsivg mulyi-head positione 160 ¢o tutl blindaida boles/proterdeagoriing wn

conmand at adder ok . deal I gnal I required to
cause proper postP??%liu ngfgﬁmsﬁeg es B4, Aﬁ%‘,‘“aﬁ?f?%{.'ﬂg’ ""Y%‘g‘ﬁﬁm lece
practical fact orbatchuaflEGBs (BCB1, BCB2 1. ahd BCB8Nissprocessed. | Prefesablyaches in the
full-spectrum pagsitioning signal generat by, Rosi ti profiler 72 are not
cont enpl at ed m@ﬂé‘kg‘?{nlﬁ ?P@ﬁﬂb@ﬁ“ﬁﬁ@g‘mﬁﬁﬁ _erisSIQ-ﬁ-4resm. The
practical féctors ar Mm@uﬂb@&séucwaﬁeeem%ntmgﬁ%yﬁwm' s of
stages 54, 56, and 58 wth position sensors 120 and 122 to provide

predictive positigns, 1324, and EY2G,,£08 prosessing: by respestive BV lasess 0F6A andbi6Gs2.
Note that adder 82 i ipefdfin awsoﬁgi&é@iﬁmﬁﬁﬁ‘g?o&ﬁsistfbﬁ&ﬂg path receives
m bot

position feedback data fro osition sensors 120 and 122.
Position sensors 120 dimet slow stages 8| anid fastistagespEs4 t@Galibratiemntatgeyi ng

rotating capaci 4Ql+p mlear and rotary encoder scales, or
interferoneter noti oélsa&d’gﬁleec d(:)érLé together with appropriate anal og-to-digital

and/ or 10 di gi t atnse ovithvitiengcameras 60 idiffereel bettyeers the directed and actual  AS

| aser beam 60 u . novenment. .ackoss kpi ece 62, the sense

beam posi tion i gﬂgéﬂgﬁsﬂfgﬂg prg&%?ﬁ g%ﬁ&é&ﬁ%ﬁa@&’ ﬁ@?ﬂ"ﬁbg?‘ f%n, with
t he 25 posi tpravesdingjiahfier ence representing a degree to which the
practical factors have . caused positioning errors. In particular,
sensed- posi tion dat aStoFe ForEcticn defa ferthe KCBs in associated f35t Stage ignat progassong ar e
generated by pogmgj on sensors 120 and 122 and subtracted fromthe
conmanded sition at adder 82 to generate ositional difference data that

are conbi ntl i n addePoyHORSlOW staBeLP&aRd 5% andifeststages A4 it predetommined s 08 s s
gg-ne?gt g mL/i Eg\gr ftggéﬁﬁﬁ?&cﬂﬁtwmtms&fm&'19&(:%@&?&@%\@&% céhaitsr
layers on ECB1 and ECB2 at the set of target locations.
Remount semiprocessed ECB1 and ECB2 on slow stage 58 in workpiece
positions 152B and 152N for processing by respective IR lasers 156B and 156N.
20 Mount unprocessed ECB3 and ECB4 on slow stage 58 in workpiece
positions 152A and 152C for processing by respective UV lasers 156A and 156C.
Perform the workpiece calibration process.
Position slow stages 56 and 58 and fast stages 154 such that UV lasers 156A
and 156C cut through the first conductor layers at the target locations on ECB3 and
25 ECB4 while IR lasers 156B and 156D concurrently cut through the dielectric layers
at the target locations on ECB1 and ECB2.
Unmount processed ECB1 and ECB2 from siow stage 58.
Remount semiprocessed ECB3 and ECB4 on slow stage 58 in workpiece
positions 152B and 152N for processing by respective IR lasers 156B and 156N.
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sensor 122 and subtracted fromthe commanded position at adder 90 to
generate positional difference data that are conbi ' r 92
with accel erWOi%#R4206t a from feed forward process 9}?&’&1&7&&%
Fig. 5 graphically shows how fast stage 54 and sl ow stages 56 and 58 5
coordinate their novenents in response to a r7e7present ative full-spectrum
posi tioni ng signal 128 (shown in bold lines), which is divided in

DSP 52 (Fig. 2) into a_high- ue posj tion (..HFP'). signal
portion 130 and a | ow ﬁ%&hmmiﬁéﬁ&dgéﬁméwséﬁﬂ?&Wtion
132. HFP signal pookitiors 1534 ixﬂpmeemwcb@mgﬁyqew,uvmmlss&na&@sd@rtz
hi gh- passband portion of full-spectrum positioning signal 128, and 10

LFP signal portion 132Petfpme shewerkpicee ealibration poosessed, 0- 25 Hert z
| Doy red, !
OW passban pgﬁ%ddgﬁi‘%;% %& g? glgflgﬂnh'#ﬁufiﬁt_sésﬁgggﬁ@&cﬁ'mﬁv fasks 156A

Each hal f-sine profile I oni rum positioning
si gnal 5 12and 456Q cntl through the fitse coridycter lagers at theuhsgetciocatiogs on ECBS and

128B, 128C, and 1 . ca a espondi ngl y i tifi.ed st Ny
HFP signal porti o@%‘v egllas?ggigﬁﬂd?%ﬂ %%Brmfg'gﬁx %ﬁ@l@ﬁﬂfvxﬁfﬁ?ﬁﬁ
exa_rr}[)! e, eacht posia;ﬂxerthngq{ﬁi%ﬁn@ Imllwﬂgw.onl e 11 adj ace{lf[ .
posi tioning steps by abou mlli S e tine separation, i
any, is a func W%nggfg&]ﬁ“qﬁeﬁg%ﬂPwﬁ%ﬁ%gat abase.

Fig. 5 further shows apembiitisemiprbctided HCHFPandEOB6 by s Veige!8) it Wbriicted

resul tant sl ow stage velocity waveform 136 that reveal , respectively, how

fast stage 2  PositignsdlS3Band J52N dor procensiog by rewepsbiedR laser-t56R and 456N
portion 130 and LFP si §fighe unprocessed ECB7 and ECBS on slow stage 58 in workpiece

positions 152A and 152C for processing by respective UV lasers 156A and 156C.
Perform the workpiece calibration process.
Position slow stages 56 and 58 ami fast stages 154 such that UV lasers 156A
15 and 156C cut through the first conductor layers at the target locations on ECB7 and
ECB8 while IR lasers 156B and 156D concurrently cut through the dielectric layers
at the target locations on ECBS and ECB6.
Unmount processed ECBS and ECB6 from slow stage S8,
Remount semiprocessed ECB7 and ECB8 on slow stage 58 in workpiece
20 positions 152B and 152N for processing by respective IR lasers 156B and 156N.

Perform the workpiece calibration process.

Position slow stages 56 and 58 and fast stages 154 such that IR lasers 156B
and 156D cut through the dielectric layers at the target locations on ECB8 and
ECBS.

25 Unmount processed ECB7 and ECB8 from slow stage 58.

The process for cutting blind via holes in eight workpieces is completed. Of
course, the process may be adapted to concurrently process various numbers of
workpieces, and the batch size is not limited to eight, nor to ECBs.

The time required for UV lasers 156A and 156C to cut through the

30 conductor layers is typically longer than the time required by IR lasers 152B and



portion 132. In particular, HFP signal portions 130A, 130B,
130C, and 130D each I ncl ude accel erati on segnents that cause fast
stage 54 to undergo sine-profiled vel ocity changes as represented
by correspondi ng fast vel ocity waveform pul ses 25 134A, 134B, 134C, and
134D. Fast WO¥é4206 wavef orm 134 has a baseline 138 that PCTAUSI7A3IES
transitions in a negative velocity direction and settles at a val ue of

about -100 mllinmeters per second. TB8s baseline shift is caused by
conbining in adder 80 the del ayed and filtered accel eration
conmmands. HFP signal portion 130 al so represents how fast

stage 54 respondsl3N to cutplnwgh the ali¢lgctiicolagerc hThb&efbmsithevlehmlptqcemﬂgsme 134.
The peak fast st

PCT/ US97/ 03385 a&@m&?%ﬂ f;r%ﬂsﬁgg throughput. V\Qecau t(.)arget locations are subsgenally

di spl acenent r equidentital fortalllteolennlmilﬁ-tooﬁ pahﬁoﬂer 25@ tht Hiffemht Prdtessilg! tihes! ade

well within (& neter I|near a | ow nmass,
gal vanomet er - dri \Pgﬁo‘fﬁ‘?‘fr@F yprovx 2 appropriate]y Ji Gaser power levels andrpulss; gnal

portion 132 8l so mpw@&&%&f&%vwwmm% and 58 respond 5
positionally to slow veI oci t}/ wavef orm 136. Sl ow stage vel ocity waveform

136 transiti ornom 1%91‘% require, eutting rejativelydarge dwlediametenstof aboutt a
val ue of about 1 micrometers F ldst. Holiuse BY 1286 Pih add'1348 B SR iprpIS:

sl ow stage position changes I | nearly I me" suc
one of sl ow st agef only aheut B@mimmem mutlGtockpositioner 150 must cause theUVbeamto

Ful'l - spectrum poshiibd'y spitaiéributat pEmAb $0: fERHSRE M £ coidEcF layB? S 'rhirSlis:,

10 cutting these refatively large holes takes a proportionally longer time. However, IR
lasers 154B and 154N have a beam diameter of about 400 micrometers, which is
about 20 times the UV laser beam diameter. Therefore, when cutting these
relatively large diameter holes through the dielectric Iayers, at least some portion of
the IR laser beam will cover the entire hole while the UV beam follows the spiral or

15 circular path to cut a hole in a conductor layer. Under these circumstances, the IR
laser beams are on the target locations for a relatively longer time and the different
effective processing times are again accounted for by providing appropriately
different laser power levels and pulse repetition rates for the UV and IR lasers.

If suitable laser power is available, a single laser may be shared among

20 multiple workpieces by employing suitable power splitting devices. It is also
envisioned that switchable-wavelength lasers may be employed in this invention.

This invention provides an improved combination of positioning accuracy,
positioning speed, minimized or efiminated stopping time, nonpanelized tool path
databases, and minimized fast stage movement range that dramatically improves

25 processing throughput while reducing workpiece rejects caused by dimensional and
orientation variations.

Skilled workers will recognize that portions of this invention may be
implemented differently from the laser beam micro-machining implementation
described above. For example, a wide variety of tools, in single or multi-headed

30 configurations, may be moved by the fast positioner stage, such as micro-



10 resulting fromthe conbined fast and sl ow stage positions represented
‘respectively by waveforns 132 and 130. Pl ateaus 140A, 140B, 140C,
and 140D i ndicate 10 mllisecond tinme periods during which the
coordi nated position is stationary even t hough st ages and
58 may all O%93428¢. This is clearly shown for plateau gpcr'éém%%
directly under which waveforns 130 and 132 intersect with substantially 15
equal and opposite slopes. Plateaus 140 corr@gpond to time periods during
whi ch laser 76 nmay be triggered to process holes in workpiece 62.
The above-descri bed coordi nat ed p05|t|on|ng S artlcularl beneficial for
ey bons. Fadipt pAT

appl i cati ons suchdiRensioned duills, punches 1assr t

bet ween tBEﬁ&‘PrAdQEﬁé‘ h@ﬂéesahﬂﬁ&cépésoﬁns& &Pﬂf?&tﬂﬁéﬁtﬁ’“abﬂcﬂﬁbﬁ@s at
each target location to 20 fire the |aser to %ﬁttl hol e but, of course,
is not linited toAtlawamaamﬂnffemmpomomngdevxcesmybeml@'edendlf&mt&ombmanons

S e g e 4 AR oo,

processed. (Her eahtoem Jnatidtleqal serew pmmnexsar'ﬂwrbmm nbnbe:mdnhpdexeiymm and

wi t hout the tter uf fi wor k leces tj - head
posi tioner 150 enﬂmﬁy élﬁ fénge mﬂs‘%’?"lﬁ gil ogrﬂ%%nfl gured
such that workpi egsgirddii, aDEcdursé] tHeqbsitioRling signal toﬁl%ﬁ ' Spectrad Bandwidth and| ow

stage 58 and multiple fast stag 154A, (154B,, 154C, .. 154N are
carried on X-axis and .WH@WWM“E%W@FES&S‘%m
and 58 may be revgigifiements of other po: gomunber of fast stages 154

carried on sl ow s?gge 58tTncrearses thgl accumrul at ed nass becones

i ncreasi ngl yO0di ffi cul tlttvellézs@bvm@oesknmevmm&wm other changesomay bg 12dé
PCT/ US97/ 03385 14 the details of the above-described embodiments of this invention withoat

departing from the underlying principles thereof. The scope of the present
invention shouid, therefore, be determined only by the following claims.



nunber N of fast stages 154 carried on slow stage 58 is preferably limted

coptroatrons. 0 T RN 287225 v v i

a processing tool, preferably a * Ilcasér "56%, *156B, 156C, ... 156N
that direct W@PUMsi ng energy toward associated 5 f aPCTAISAHBIIS] 54,
154B, 154C, ... 154N by way of associated mrrors 158A, 158B,

158C, ... 158N. Fast stages 154 deflect the 3 ocessing energy to target

| ocations in substantially square, 20 by 20 mllineter processing
fields 162A, 162B, 162C, 162N | ocat ed on associ ated workpi eces
152. Vi deo caneras 160A, 1&I#ims160C, ... 160N are

162, sensing the al | ganene doparees o Smifafilbol (BEEREng nitunld BORSIARE o ) °°
vari ati ons of wosttgfdazgst loERions ou mailtiple gssacisted oouigpicrgs in response foaset of 156.
In the preferred | e _sa rocessin attern i s duplicated on
wor kpi eces 152 b?ggggww&%% Pé@f’bﬁag‘w&%‘lﬁ' However, in somne
15 processi ng apphisioat pesitfonepstagecerfocting § dirke fangy of rekitive ifovemntMetween
required to rratcgmg he, , @8 ttern to va,rfﬂg%i ons, anong wor kpi ece
geonetries, scal &empitiglestools 2‘%’3‘““% leAssoqiated workpieces; i stortions. It nay

al so be necessary t0 aiidpl¢tast pdsitiones stiges effedtDp!sidflGhiges BFrefiiile movement
"abbe errors" (the degree to which a comuanded tool position does not natch
a sens ed P¢tHeER the; mmultipledpgls and the mutltiple i9gsopiated (woskpiesessi t | on

bri or il ti apindl e df PriFGRE SR pRoiesslp itk Aot sk eiucing thii
can conpenstk e f slowrdnd fagsanevethsatecontrobling signals; vari ations by enpl oyi ng
programmabl e correcti ri W Lh ref n . to Figs.
7 and 8, when drivi ngggg’gﬁf&émoﬁgrsﬁ%&f&ég&%&e lar%e%n%e%?relauveﬁubv.emfms?fgm
how nmul ti-rate ptsisiow pesitibP stage idFtesponss towhy sl moesnienticdntrolimg signat; and
coordi nate the position'ngqﬁf rrulIiP&I o, fast stages 1$Fff*l*and sl Qqw st ages 56
and 58; resulﬂ“k? st.positiopst qrivars Goemolfing the FelptiYe, psp
52, nulti-head Deidvéniénts of the associatedi fust Positiorer S réspohseab tiofRtUheventeat-dx,

dy, dv, an 5dt conponents that are further processed by position
profiler 72% nto NG Y8241 of i | ed positioning signals. . DSP 170

al so includes sone of 2t Ifheappitatts 6 SlinPl @6 Vhich\ 1QEHRT thebulbpiR toels is
nanely profiling filter 78 "delay elenment 79, feed forward procCess 94,
servo driver laser beam having a first wavelength and at least one of the multiple tools is a laser
beam having a second wavelength.
3. The apparatus of claim 1 in which the slow positioner stage includes an
20 X-axis translation stage and a Y-axis transiation stage and the multiple fast
positioner stages are mounted on the X-axis translation stage.
4. The apparatus of claim 3 in which the multiple workpieces are mounted
on the Y-axis translation stage. '
5. The apparatus of claim 1 in which the siow and fast positioner stages
25 coordinate their relative movements such that the multiple tools are rendered
temporarily stationary relative to the multiple workpieces while the slow and fast
positioner stages are moving.
6. The apparatus of claim 5 in which the multiple tools process the multiple
associated workpieces during a time period when the muitiple tools are rendered
30 temporarily stationary relative to the muitiple workpieces.
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96, slow stage 56, and position sensorlﬂgwnﬁmﬂﬁl&u!. 7 is sinplified,
only X- axi s sl ow stage 56 pr x> are R4 illed
workers wi | | Wh¥EHWEand that corresponding Y-axis ﬁrren{ogggre

I mpl i ed. Only a single syste ontrol conputer 63 is
required to drive slow stages 56 5 and and N fast stages 154.

Mul tiple fast stage signal processors 172A, 172B, 172C, ... 172N
each receive fast stage cgrrection %@ a from &;‘%‘T nfera%ogﬁ .
computer 63. In this W:&I%%gﬁpaﬁu% %%{F’ow%g% ’Rg@l’an Feflevmrk%'ﬁﬁv
stage pOoséath havedd fibsafifiallycidenticeiCiebdf catibiatioh tdrgets and the emstire al
processors 172 such that each _, t?l;tt}L?St ségﬁ%s 154 is directed,.to a
comon set of tar g¥PTkpiseesare pesitioned suchy Bts of galibratiop fargets sXAIBE posifioning
uni que error Corr e&drd frofiied 1o set, andtil%nulﬁplefasﬁx&iﬁo%;xsw&hrméﬁwe

one of fast stage signal processors recei ving, fast and sl ow
st age positi ofi ng faststage signalngpcessay thatcoepsratescwitly thecpositioning signal prpesssos yast em

trol t 6 | -1 s
TR o e S MSGLME k0 W ionig e

wor kpi ece rel ated corre t'o a geonetry
correction 15 such das thermdiipletools frssimultangausly positionsbie tndie setaifdargetct or

cor ectl on, 42 ¢ laihifon e g NEHEH i 20011 S O

| ookup tabl e-based. HovgVEhe agparams of cldbin’ Ein whith €t gositioning efrtrsite SARBE by Mt

correction prgcessor 180 and fast stage correcti Qn processor are

preferably edﬁat i JFRshES %ﬂﬂ?@q F’H’%"sg'ﬂ’e%?ﬁhfé‘éf"ﬁ Frres. §.s°°’“°dow“h the fast
positioner stages.

9. The apparatus of claim 7 in which the positioning errors are caused by a
dimensional error associated with at least one of the workpieces and the slow
positioner stages.

15 10. The apparatus of claim 7 in which the positioning errors are caused by
at least one of a rotational difference among any of the workpieces, an offset
difference among any of the workpieces, a scale factor difference among any of the
workpieces, an orthogonality error in any of the workpicces, and a trapezoidal
distortion in any of the workpieces.

20 11. The apparatus of claim 7 further including video cameras that sense the
sets of calibration targets on the multiple workpieces and provide difference data
that are processed to compensate for the positioning errors.

12. A method for simultaneously positioning muitiple tools relative to a set
of target locations on multiple associated workpieces in response to a set of

25 positioning commands received from a database, comprising:

providing a slow positioner stage for effecting a large range of relative
movement between the multiple tools and the multiple associated workpieces;

mounting the multiple workpieces to the slow positioner stage;

providing multiple fast positioner stages for effecting small ranges of relative

30 movement between the muitiple tools and the multipie associated workpieces;
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20 Pat. No. 4,941,082 for LIGHT BEAM POSI TI ONI NG SYSTEM (“"the ' 082
patent"), which is assigned to the assignee of this “appti cati on.

Fast stage linearity and scale factorE”'m vel y constant and
depend nostly on the individu Mmmﬁ Im of fast stages 154.
Theref ore, ™1734208ge correctidn ;Sroeesrsors BCTAS9703385t | vel vy
smal | and infrequent correction data 25 changes. Generatl ng this
correction data entails, for exanple, directiZhg each of fast st ages
154 to at least 13 cali bration poi nts on an associated calibration'target
as described in the '082 patent. A reflected energy detector senses
any "di ff er ences Pms@mbhmwépeﬂumsemmda@ generate, sigwt anddfas t

| ocations and pr exdveemioh ta to system control conputer
63 for processing. The resu t g correctlon data are 30 conveyed to and

stored in each fast sﬂayagdwﬂwmsnowmemmme largé smge afiyelative moveméf®
97/ 34206
PCT/ US97/ 03385 in response to the siow movement-controlling signal; 53

di ff erences Sbet ween t trivirg mnipbrﬂstqmitieﬁertsﬂg%tﬁﬁidﬁ sthall Rin &3 oY reRfwed
by assoch%t ed vi deo caner @5 60 are calibrated and conpensated for.

Sl ow st age tFE?(YF’B?“"@PF‘B? signaly &l 1 el ati vel y

constant and do not, éMaﬂ@thml e and snidlCidhge of TR hoteRichf a
changes. 5 On the ot her hand, sI%?v stage and wor k%licgggatg%lt at ed

errors are rel at FHRje tools are rengdgsed temporarily %&le‘ﬂlegm'ﬁtbﬂmmnlpm&pxm
pl acement, of f selyrifPpratid &hwabg%hfysﬁgr)ocessor

wor kpi eces 152. Theretore, geonetr?er(l:orrectlon
requi res rd@ati vBIO¥imBar ge correction data changes every tine

13. The method of claim 12 in which the workpieces are circuit boards and
the muitiple tools are laser beams, the method further including triggering the lasers
beams during the predetermined time periods to cut holes in associated ones of the
circuit boards.

15 14. The method of claim 13 in which the circuit boards have a thickness
variation that is compensated for by a depth of field of each of the laser beams.

15. The method of claim 12 in which the slow positioner stage includes an
X-axis translation stage and a Y-axis translation stage and the multiple fast
positioner stages are mounted on the X-axis transtation stage.

20 16. The method of claim 15 in which the muitiple workpieces are mounted
on the Y-axis translation stage.

17. The method of claim 12 further including:

identifying for each of the mulitiple workpieces a substantially identical set of
calibration targets;

25 sensing the positioning of the sets of calibration targets to identify
positioning errors from set to set;
processing the sensed positioning errors; and
correcting the small ranges of relative movement to compensate for the
positioning errors such that the multiple tools are simuitaneously positionabie to the
30 set of target locations on the multiple associated workpieces.
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wor kpi eces 152 are changed. Generating this coerreetion.-data entails, for
‘exanpl e, 10 directing slow stages 52ﬁﬂﬁ "" and _each of fast stages 154

to at | east two, and pr ef er abl "INM&M ned calibration
cal 5&_&&,&{3{# argets

targets on each associ ated workpiece 1

may be, for é‘!&h??ﬁ!‘l"‘ corners, tooling holes, or phot o€t ch gets
of an ECB. Each video canera 160 senses di fferences bet ween the directed
and actual calibration target |ocations and p?%w des difference data to

system control 15 conputer 63 for processi ng The resulting correction
data for each workpi ece 152 are nve to and stored in the
associ at ed geonetry corlBectiegnetipd efclaim i thesensmg Step employs atlegst pog; ¢

stage signal procegjddy calkda. COrrected p05|t|on| ng data for the
Y-axis are conveyed fromcorrection processors 180 and 182 to feed forward
process 86, gal vo -dri vd®- Skhe method gEelaim 473 én which 3Pb§$tt%ﬁmmﬂyamﬁm are

ggrrect ?gﬂelrﬁt - qwﬂég&h@s i@i %?%%E"*“P‘%r ers w II un e(rln{‘)g%éhc
t hat tlhe sarreShpr o gmuitiple pydrkpisces plec X-axi s fast positioning. _

oref erabl y I imited to 25 1He %?ﬁf i 31 37 ¥Bichia jeaff e bRl e s
20 by 20 25 i idénitified and tR>positining Ro®Es anaémmgoffmgaale‘fmozr Q@i ni ng

2 mllimeters of ositioning ra else ed for applying the
above- descri bed cdiFthogeRaljfysvariati tions aniong the’ mul éﬁfﬁ ng describes signal

processing for a singl @1aXie Méhod f%ﬁmwhchatleﬁﬁ?&lﬁmﬁﬁﬁoﬁ BgerPdle

sl ow positioner stages. Skilled workers will readily understand how
to replicatel@he digntified gpd thepositigning exgey ciude roution, pfftetoscalsfagion h axes,

gg; 24286 St ages ormBgoralifly lafid Hapdibidal BistorddhVariRfichis anfoRg e multiple workiebes.
PCT/ US97/ 03385 22. A method for cutting a predetermined hole pattern in at least first and
' second substantiaily identical circuit boards each having at least a first conductor
layer, a dielectric layer, and a second conductor layer, comprising:
15 generating at least first and second laser beams having respective first and
second wavelengths;
mounting the circuit boards on a slow positioner stage that effects a large
range of relative movement between the laser beams and the circuit boards;
providing at least first and second fast positioner stages that effect small
20 ranges of relative movement between the laser beams and associated ones of the
circuit boards; and
coordinating the large and small ranges of relative movement such that the
first laser beam cuts the predetermined hole pattern in the first conductor layer of
the first circuit board while the second laser beam cuts the predetermined hole
25 pattern in the dielectric layer of the second circuit board.
23. The method of claim 22 further comprising:
generating slow and fast movement-controlling signals for positioning the
lasers relative to the circuit boards in accordance with the predetermined hole
pattern;
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24 EXAMPLE A typical application of this invention is

[aser cutting of holes, such as blind in nmultilayer
ECBs. Multilayer ECBs are typically rriﬂ!lm H“ll“ “ﬂrﬂ! regi stering,
st acki ng t oget her, I|-am nating, and 05- to 0.08- 5
mllineter WRi%R4206rcuit board |ayers. Each | ayer typical | ECHOHIERS a

di fferent I nt erconnecti on pad and :f:lgnductor pattern, which after
processi ng constitutes a conpl ex ef'ectrical conponent nounting and
i nt erconnecti on assenbly. The conponent and conductor density

trend of ECBs is increasing together withtht. f I Nt egr at ed
circuits. Therefore, S ptg g’ %@’%ﬂ’&‘&ﬁg&m&ﬁﬁqﬂ@@?‘m&%
10 of hol es ihhespbii@ tb the ﬂswmemenmmtmg@igah ¥nd

Unf ortunately, t he pressl ggﬂst causes, ex asnS| or&d&%@gl rren%n;&a{lgqew%
vari ations lq“mfb%sw 12868 Smal r ns
anong the ECBs. Weﬁﬁﬁ@rm to the 184 mdVeimeR-Gnftbiling GigRAIKPI eces 152) are

attached to slow stage 58, Tixturing varl ati ons can cause

di mensi onal 3 r ot at i on 24ndThsfmethed eﬁﬂuﬂs%mglchm? sk positiorgr stage ingludescant o
that, ECB thick ley. . drill
ey iy B S P PR TR ™ ||

holes haV|ng an accu
i nvention sol vesosmmbugﬁabmmhdcbmhom-msmlﬁnhlsm Two to four

calibration targets e tchg@ tat ri‘e!s/?‘{jer ] . Iocatlon r ef er%t) one
at each corngﬁ‘, '@ﬁ %‘Cﬁ“ @o%ﬁ ?—%

between the 20 Y-axisonmslatibacktaged actual cali bration target Iocatlons and
provi de d|{ erence d S em c troI cogpee er 63 for

processi ng.” The resu% r?é“dﬁ‘?%?ﬁﬂ an

stored in georreumvtae:rmwaﬂrmﬁs%r%m generated by anmfm?@%é@ i bration
targets provide sufficient difference data to syst em cont r ol

conputer 63 to corred?- fihe meshod ofiaimip ’é‘f‘?’%‘ékﬁ?aﬁ‘i“a%‘(ﬂ@ﬁéﬁb#@sm%s
Tree 25 calysbiahiied Ah8 thesoBiid iBehth'd i £ Plngd ohPARAE R, 0081 2 1 O

systemcontrol conputer to correct rotation Tset, scale

factor, and ort Wﬂqamllﬁtmﬁmw t he - ECBs. Adding a
I ?2;2253%?2% or't 1 an e EROIEbe G iy Which B 6idiiing g Jp camied et
vari ati ons are sachithat/the firstramd dedoad ldser bdams|[concurent B cuti the finst condus®r layer
(0.005 inch) | agetn BRI BirQlic §dafd Shid the dielectric layer of the second circuit board.
29. The method of claim 22 further including:
identifying for each of the circuit boards a substantially identical set of
20 calibration targets;
sensing the positioning of the sets of calibration targets to identify
positioning errors associated with each of the circuit boards;
processing the sensed positioning errors; and
correcting the small ranges of relative movement to compensate for the
25 positioning errors such that each of the laser beams are accurately positionable to
the predetermined hole pattern on an associated circuit board.
30. A method for cutting a predetermined hole pattern in a set of
substantially identical circuit boards each having at least a first conductor layer, a
dielectric layer, and a second conductor layer, comprising:
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ﬁgégggr/ngg,glsfnd via hol es presents a di m‘mmumm‘l"auwuu for any hoI e
er Opein3bi3gs

processing t se of the tight de anmd POSA
t ol erances O‘%"pg&?#:vol ved. This is because blind via holes are“typically

processed through a first conduct or Igger (e.g., copper, alum num
gold, nickel, silver, palladium tin, and 5 | ead), through one or nore
dielectric layers (e.g., polyimde, FR-4 resin, benzocycl obut ene,

bi smal ei m de tri azi ne, %%g& qg.he* bESﬁ' l‘taﬁl@rt@{'%:ﬁﬁ% up
to, ‘but not through a s congﬁggn uct%?ﬁa%ser. gl"ﬂle resultirn ﬂlg?iéstlcgn%\cglfed
with a conladen andaa seqomst seb of lasercieams sniitahlel for cutting tte di¢lectfi¢c tayer; and

second conductor |ayers Ref e agai.n tao Fig. . 6 o

nul ti - head positioner W@g{gﬁfqﬁﬁﬁo&dﬁgbﬁﬁ % ?ﬁ}‘m i°H% 89 pesitiqner,
apparatus in whi chsﬂgeettmadffecsrh larpe rangendraelative Mbvehient bettveerPthe Gaser beams and DUt
preferably 4. (.LaseLs 156AH g 156C are WV lasers (wavelength is less than
about 355 nanoOnete ers 156B and 156N are IR | asers (wavel ength

isin a range f t
s i g ﬁr@ﬁhﬁﬁ%’d‘leﬂ% 190andcdReia fﬁt%ohﬁo&b%ﬁh%sﬂ}i@z%tn%

nanonet ers, preferabl 90 nanoneters). Because

| asers have subst a#PEEIY WB?Y?W@W%MﬁW%W@MW

optics for fast St @ftak bbadis configured for conpatibility with
each associated |aser's wavel ength. WV | asers 156A and 156C

are capable of cutting coordinating tlic lacge and sohall ranges of relative Ixmvememmicliﬂm the
and pul se.ropdt ¢ eesel B Sk Sa iE e prBRRlon bilg el i B i cpbtinsc
unaccept abl e layers of the first subset of the circuit boards while the second set of laser beams
concurrently cut the predetermined hole pattern in the dielectric layers of the second
subset of the circuit boards.
31. The method of claim 30 further including performing a workpiece
15 calibration process that comprises sensing calibration targets on each circuit board
mounted on the slow positioner stage and correcting the small ranges of relative
movement of associated ones of the fast positioner stages such that the
predetermined hole partern is accurately cut in each of the circuit boards,
32. The method of claim 30 further comprising:
20 removing the second subset of the circuit boards from the siow positioner
stage;
remounting the first subset of the circuit boards on the slow positioner stage
for cutting by the second set of laser beams;
mounting a third subset of the circuit boards on the slow positioner stage for
25 cutting by the first set of laser beams; and
repeating the coordinating step.
33. The method of claim 32 further including performing a workpiece
calibration process before the repeating step.
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20 damage to the second conductor layer. This resutts in a narrow

" process w ndow. " Ther ef or e, 156C are control |l ed
to cut through only the first Uimgﬁaﬂﬂlmmﬂjgnd a portl on of the
dielectric layer, a-process that has a w M s prOCESS_W N

| R | asers 19%eB7asm#6 156N have a wi de process w ndow for cut PFF(H %ﬁ?gﬁgh 25
the remaining dielectric |layer without cutting through or damaging the
second conductor | ayer. However, t hé6f i rst conductor | ayer mnust be
previ ously processed. The ECB blind via cutting apparatus
enpl oys WV |l asers 156A and 156C to cut, thr,ou%eh t he %iBr st conduct or
| ayers of workpi eces 342Ahemethodoaf claim 33rfurthercincluding epeating- g remoVIRg; N t o
cut through the dighghs Motdtihg =Smad subiel Rhe eoctdihatily Sepé ubiPMe entire set of WO

97/ 34206

PCT/ US97/ 03385 circuit boards is processed. 26

Using nulti-head positioner 150 to cut blind via hol es proceeds according
to the follow ng preferred process. Assune, for exanple, that an
ei ght wor kpi ece batch of ECBs (ECB1, ECB2, ... and ECB8) is
processed. Preferably, the conductor |ayers are copper and the
dielectric layer is FR4 resin. 5 Mount unprocessed ECB1 and
ECB2 on sl ow stage 58 in workpiece positions 152A and 152C for
processi ng by respective WV |l asers 156A and 156C. Perform a
wor kpi ece cal i bration process as follows: direct sl ow stages
56 and 58 and fast stages 154 to calibration target | ocati ons on

t he ECBs;

umi‘ﬁﬁﬁ i

THIS SHEET HAS BEEN
REPLACED




10 sense with video caneras 160 di fferences between the directed

and act ual target |l ocations and provide difference data to system
control conputer 63 for processi ng; and store
correction data for the ECBs in associated fast stage signal processors
172. 15 WO 97342®0si t i on sl ow stages 56 and 58 and fast REHERTBAS (o a
predeterm ned set of target |l ocations such that UV | asers 156A and
156C cut through the first conductor | ayers on ECBl1 and ECB2 at the
set of target |ocations. 1//"enmount seni processed ECB1 and ECB2
on slow stage 58 in workpiece positions 152B and 152N for
processi ng by respective LR |asers 156B and 156N. 20 Mount

unpr ocessed gnd ECB4 18n sl ow st ge 38 in worklpiecg2 positiohs
152A. and 152C for pprocessihg by respgectivg UV | asegrs 15pA and 156C.

Perform t he worRpi ' ! = o >oa RTS8 ~

stages 56 and 58

156C cut through

and 25 ECB4

dielectric |layers t thelt t 1 ONS
Unnmount pr ocessed y 4
sem processed ECBﬂ
152B and 152N for ngR b 1K)
WD 97/ 34206

PCT/ US97/ 03385 |
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Mount unprocessed ECB5 and ECB6 on sl ow stage 58 in workpiece
positions 152A and 152C for processing by respective UV | asers 156A and

156C. Perform the workpi ece calibration process.

Position sl ow stages 56 and 58 and fast stages 154 such that UV | asers 156A
5 “and 156%Q %3426 ough the first conductor |ayers at the PCRUSEVO33LS

| ocati ons on ECB5 and ECB6 while IR lasers 156B and 156D
concurrently cut through the dielectric |ayers at the target

| ocati ons on ECB3 and ECB4. Unapunt processed ECB3 and ECB4
from sl ow stage 58. Renbunt’ sof®processed ECB5 and ECB6 on
sl ow stage 58 in wor posi tions JgP&\and 152N for processing by

Mount unprocessed ECB7

a \\
N
\ \

respective IR |asers 1988

and ECB8 on sl ow stage ®§ i N
processi ng by respective
the workpi ece calibrati or\W

'tions 152A and 152C for
oA Perform

/ Position sl ow stages 56
‘4 156A 15 and 156C cut

et | ocations on ECB7 a

through the first con —
ECB8 while IR | asers 1568 R y cut through the diel &tric
| ayers at thept 2 gt-he
Unnmount processed ECBS a ) enount
sem processed ECB7 and ECR XA positions
152B and 152N for procesg N 5/4 \

Y N [0

/AWy

156D cut through the difel ectri %"0}\\ \
ECB8. 25 Unrrount --~$\
The process for cutting blind vi R4

O . course, the]process nmay
various nunbers of wor kpigs
ei ght, nor to EQRY Tha/ti @-AF
156C to cut through thé 30 conductor | ayek |
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152N to cut through the dielectric |ayer. Therefore, the | onger processing
tinme di ctates the processing throughput. Because the target

| ocations are wQBwsaea i al |y identical for all tools RETRITAIILY ool
positioner 150, the different processing tines are accounted for
by providing appropriately different | asg/pfwer | evel s and pul se 5
repetition rates for the UV and IR | aser Sone
applications require c i tively | t

200 ‘m croneters or Ieséﬁlgagﬁuv Iaser??%ﬁ%nge% a\§e agbeam

di amet er of only about 20 yyy IPP . ool + 9§Jj_|_gn§£__1.50
must .cause the W beamto follow a splr.. or C|rcu 14 path to cut
such holes in a conductor |ayer. Thereforfe, } cuttingithyse ralatlvely

| arge hol es takes a proportionally @Dnger t| . Fbmever IR
154B-and 154N have a beam dianeter @§ a
about 20 times the UV | aser beam di et @r
relatively large dianeter holes thrgﬂgh tjhe di el edtric Iaybrs a€%4

sone portion of the IR lasel>beamw || covyer the ehtire hohe ?e
the W beam follows the spiral or 15 circular 'path to gut a hohe in a
conductor |ayer. Under these circunstancegs, the | ‘| aser beans are

on the target l|ocations for a rel at-MMAX Longen_LunEmand_Lpe dLLquenL_.

ef fective processing tines are again accdgunted f on by provtding :
appropriately di f t er .power |evels and pul se repetition
rates for the UV and IR | éﬁ SEGMEN"I'f | aser power is
avai l abl e, a single | aser may be shared gnong : R '
+VMAX e eecacne Tom—amaa= % -------- -
E 5 E :
& ' " '
u9, ° ! : :
4 : } ; TIME
VMAX{--=-===-- R I— E—
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20 mul ti pl e wor kpi eces by enpl oying suitable power splitting devices.

I't is also envi si oned that sw tchabl e-wavel ength | asers may be
enployed in this invention. This invention provides an
i nproved conbi nati on of positioning accuracy, posi tioni ng speed,

m ni m zed or WANWAW6ed stopping time, nonpanelized tool pat RCTAISITNIIES
dat abases, and m nim zed fast stage novenent range that dramatically

| mproves 25 processing throughput while reducing workpiece rejects
caused by di nensi onal and ori ent at '4)V ari ations.

Skilled workers will recognize that portions’ of this invention may be

i nplemented differently fromthe |aser beam m cro-nachining inplenentation
descri bed above. For exanple, a wide variety af tools |n single or

mul ti-- headed 30 configurations, may be gbg?d by t fast positioner
stage, such as mcro- VK)97/34206 -

PCT/ US97/ 03385 > J
di mrensioned drills, punches, |3gsers, Iaser b )ﬁ( latio beLnB particle

beans, beam pr oduci ng VT CES} Opes, |[enseg, opfrca
I nstrunments, and caneras. Als ,_aa A—posttToni ng devi ces

. . o ————vena
may be enpl oyed in different conpinatyons ——th FeFR-ahONg
gal vanoneters, voice coils, piezjoelTecfric [ransflucenf, StEppery o

notors, and | ead screw positiongrs. The DSPs Aekd ndt be conpl g¢tel yt digital
and may, for exanple, includel any buitable dbohinatiosfof anal og
and digital subci rTurts. Tpurse— S OALNg S gnal
profiles, spectral bandw dth and applitydes,|fand {iltef
characteristics described hereing may pll bg fiedqito spit the
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requi renents of other positioning applications. 10 It will be
obvious to skilled workers that many ot her changes may be nade to
the details of the above-described enbodi nents of this invention wthout
departing fromthe underlying principles thereof. The scope of the present
i nventi on shouy@grbdres ef ore, be determ ned only by the foll ovwcrgusshessns.
30 d ai ns 1.
In a tool positioning systemthat is inplenented as part of a workpiece
processi ng systemin which the morkpiec&il e el ectronic devices or

t

el ectronic devi ce packages, t ol positioning system
si mul taneously positioning nmultiple 5 tools relative to a set of
target |l ocations on nultiple associated workpieces in response to
a set, of positioning conmands, conpri sing: a sl ow
positioner stage effecty tive novergnt
between the multiple topls and the nultiple assosi at ed worlRpi eces;
mul ti-pl e fast positionef \stages coupled to the sl positi oger stage 10
effecting small ranges pf |[relative novenen et weeln the Tp\e tools and
t he mul tiple pssociated werkpi ' a\posi tioning
signal processor deriviphgifromthe p i onijng onmands
sl ow and fast novenent-fgomtrolling ghal S5 o)
posi tioner driver contrDpllfi the | arge rangefO t nt\ 15
of the slow positioner kt j h Nxort Mol 1 ng
si gnal ; and mul &Y fagy posTtI rNvey s
controlling the small rg of relégi ‘ enment of h
associ ated fast positiopefestages i Presp ef t ast —
movenent -control ling sipgngr. {20 . ap cﬁs aim\l in
which at |east one of thefnullti j ,‘O_I
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a | aser beam having a first wavel ength and at | east one of the nmultiple

tools is a

| aser

beam havi ng a second wavel engt h.

3. The apparatus of claim1 in which the slow positioner stage includes
an X-axis translation- stage and a Y-axis translation stage and the nultiple

fast 25

4. The apparatus of claim3 in which the nultiple workpi eces are
nounted on the Y-axis translation stage.

of claim1 in which
coordinate their r

rendered 30

wor kpi eces while t
6. The apparatus of%€D

mul ti pl e associ at edpfb

are
wor kpi eces.

e slow and fast po

7. The apparatus of claim

mul tiple

calibration targetugsopbi §
and the nultiple f
fast stage signa

processor t

si gnal

conpensate for the

1

5. The apparat us

gye novenents such t the mulitiple topt~Sgare )
Egmnszarily stationary relative to'!the nmult © ;
ABPw and fpst,,,a . | DOsitiondr stages %;nnvingd
el e[miltip|e todls prdcepsciify '
pi eces dgi' i me pefliod when th ql
r endedt e | Fyusgyil | recati e t

PD)&itgézo .1 fespe- ‘ 2 5
iizmhlch the nul tfip égaséoci i
each have a substantially {defdical set of cal i pB&tign t i
kpi e¢es¥are: posi ti onedssucfthat t ]
posi tigni pg ertors i
posi {i oner Btages eachjl5 i hav@® ciated:
@8Ssof th  es 't18he: = i tionirg
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si mul t aneously positionable to the set of target |ocations on the multiple

“associ ated workpi eces. 10 8. The appar.atus of claim7 in which
the positioning errors are caused by at least one of a linearity
error and a scale factor error associated with the fast

positioner stwiQeYI4206 9. The apparatus of clai RCFYRMBPEh t he
positioning errors are caused by a di nensional error associated
with at | east one of the workpieces and the slow 15 posi ti oner

st ages. 10. The apparatus of claim7 in which the

positioning errors 48
di f.f erence anong any
anong any of the pes
t he wor kpi eces, ap q

used 7 bY at | eadt ame| of a rotational
wOtlhe wor kpi eces, an of f set-} BO di fference

s, a scale factor diff e&c% erpng any of
nality error in any oﬁa rsa?fﬂfkpieces, and a 20
trapezoi dal distO'tioan any of the workpieces™™ @ 11. The
apparatus of claimm 7 farther including video caner as 4t hat ggnse

t he -sets of cal gpf at] argets on the multipl e warkqauecegand provi de

di fference < H0al t hat are processed to r@gateéor the
positioning err B%. 12. In a toq(QUEQh ongpg system t hat

is inplenmented &} pg wor kpi eceﬁ)r nqidystem in which
the workpi eces ¥¢ e roni c devices or - c device
pni ng system carryi ng out| hqgz f or

packages, the tes|
si nul taneously @i tli
| ocations on =
of positioning m
sl ow posi tioner g51ad
nmovenment bet weeRe!l
nmounting the nmult
PDX4- 125200. 1 268¢{

multiple tools relativg
tiple associated workp/d

conprising: 3
effecting a | arge range
tlletools and the

sg@of target

ih jEsponse to a set

% providing a
e

pat ed wor kpi eces;
age;
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32 “providing nultiple fast 05|t|m sj&i;?s /103 &§| ng
o o RIS = w1 seps

the set of positioni ng cbrmiinds tho generat&lsl ow and f ast
nmovenent - control ling signals; A0 ng the sI ow posi tioner

stage within the |arge LRBg60l osfti%hﬂfg syStem that is impleFRRIER! parflof £ F@@ceto
t he sl ow novenent-controlling si driving the nultiple

fast positioner Bmgﬁsmg\mmm ngcbrtbn WOﬂQH@Qs argf electromc devicesairagléctronic

novements in res nt-c rol I, nal.; and

coordi nating the&%ﬁe sﬂklatﬁ&r%(ﬁ%tgo syls éh&ﬂs 'PH'&{ 1§ he
nul tiple tsools aroelsrxemée@l alsen1pPtadget llycatibnd o@aﬁnuplé absotiaied wor k?fé@esmﬂ tiple
wor kpi eces during predeterm ned time periods when the slow and Tast

posi ti oner response Qg set of spﬁgmqggcommands, comprising: 13. The method of

claim1l2 in which th I 1

multiple tools are | gsswgggané&&tsgﬁ e?{e%ﬁ:#% rﬁlfe %%@X&%}s’e@g ing
the lasers bearraaedweeumtdiﬂupketdatsanmﬂieedmlzipwasseéxmdavdrnp&ws holes in
associ at ed ones of the circuit boards. 14. The

met hod of claim 13 | Fulfiple fast pesitioper stagep sevnied touthe slow ppsitiones Stage

boams, 200 . CHecAiP SRg chfheh BF i, SR et i I ATD Sy lF ™"

posi tioner stagamltiplevadseciated workpiecesgn X- axi s transl ation stage and a
Y-axi s transl ati on stage .and the I tiple.fast osi,ti Qner stages
are nmounted on the X2 ggpgo{npgﬁgné{m pr,deriving from the set OPP"S‘ Heunghe net hod

of claim115 in j mount ed on the
W hrfmiandh %kwhﬂd Fﬂs@m‘ﬁ?&rﬁéﬁt%%??ﬂilqg Signals;

Y-axi s transl ation stage. claim12
further including: aslow posmoner drivericontioiljnghtheflargeaange off reldtive movenpent
wor kpi eccig as u%%ttﬁ‘g gllo%l pc}/suio%gp Et'aéé‘ %n lseglt)onse to the slow movement-controlling signal;
and .
multiple fast positioner drivers controlling the small ranges of relative

moveinents of the associated fast positioner stages in response to the fast

movement-controlling signal.

20 2. The apparatus of claim 1 in which at least one of the multiple tools is
a laser beam having a first wavelength and at least one of the muitiple tools is a
laser beam having a second wavelength.

3. The apparatus of claim 1 in which the slow positioner stage includes
an X-axis translation stage and a Y-axis translation stage and the multiple fast

25 positioner stages are mounted on the X-axis translation stage.

4. The apparatus of claim 3 in which the multiple workpieces are
mounted on the Y-aXis translation stage.

5. The apparatus of claim 1 in which the slow and fast positioner stages
coordinate their relative movements such that the multiple tools are rendered

30 temporarily stationary relative to the multiple workpieces while the slow and fast
positioner stages are moving.

6. The apparatus of claim 5 in which the multiple tools process the
multiple associated workpieces during a time period when the muitiple tools are
rendered temporarily stationary relative to the multiple workpieces.

PDX4-125200.1 26860-0033 AMENDED SHEET



: o 9/ 338 é
of calibration targets “mml\uml“““ sensing the positioning of tfAe sBts
of calibration target smu“i p03|t| errors from set to
'set; 30 ) ¥ prdcessin fg " hé sensed siti onm $E

cor_re_ctl ng the sma es of re tllve to corrpensate

positioning errors SZI'C?H% ‘?ffﬂ it dn g'grﬂ‘i‘s g mumldp ?“Sf?é@uyp jctes
pos: t : oniabl € 10 each have a suﬂsﬁﬂtxﬂ%‘ 1&5&6@%&9&’ éaﬁﬁﬁhbﬂ 'iﬁ-g@@ ahd Shé Hiuldiglé ©

associ at ed workpi eces. 125200. 1 26860- 0033
33 workpieees 4T, @Momddsuoh thatahmelﬂof calibnation tamtssednbmg step

| |
Tethod ot cl af mPsiippiogpriors S5 i 95 SeC AT IR mplsiple fost posipinner siages ealh®
identifiesl and hhge %Qﬁésbbi@fwrﬁst%farrg@ pnhnﬁidéeb@of tHabbbsperaéiwah itget

vari ati ons anong e Wor kpl eces. .
The met hod of clpesitioning isignahpropessor toceosrect thecsmalbiange af relativeamgeenmentte

tactor, and " conpBRalof i orfidheerr it pidh ke e iy ite Gl e ' °

wor kpi eces. simultaneously posiionableqo ik 50 &f edrgétl [otdtiohs ohtheViiuitiplat | east
four calibration targets are 10 ~identified and the positioning errors

i ncl ude rot at i ofssogiafed syorkpigese f act or orthogonality, and

L oPea A O L HE bl oy BABAY ] ot Boioning, gy ¥ Gl

wor kpi ece pr ocesisieasy ony ©f artiearitynéredr dridea veald fice @froarassotiated withithe €dst cui t
positioner stages.

9. The apparatus of claim 7 in which the positioning errors are caused by
a dimensional error associated with at least one of the workpieces and the slow

15 positioner stages. '

10. The appérams of claim 7 in which the positioning errors are caused
by at least one of a rotational difference among any of the workpieces, an offset
difference among any of the workpieces, a scale factor difference among any of
the workpieces, an orthogonality error in any of the workpieces, and a

20 trapezoidal distortion in any of the workpieces.

"11. The apparatus of claim 7 further including video cameras that sense
the sets of calibration targets on the multiple workpieces and provide difference
data that are processed to compensate for the positioning errors.

12. In a tool positioning system that is implemented as part of a

25 workpiece processing éystem in which the workpieces are electronic devices or
electronic device packages, the tool positioning system carrying out a method for
simultaneously positioning multipie tools relative to a set of target locations on
multiple associated workpieces in response to a set of positioning commands,
comprising:

30 providing a slow positioner stage for effecting a large range of relative
movement between the multiple tools and the multiple associated workpieces;
mounting the multiple workpieces to the slow positioner stage;

PDX4-125200.1 26860-0033 AMENDED SHEET



._15 boards, the too%“ﬁm“mm“m“su tem carryi MUI!Sa%tA&}}B 5n

cutting a pred ttern in at |east first and
‘substantially identical L ®ircuit bo## ds eaWdétSE@ﬁgéa

first conductor |ayer, d| electric |ayer, and second conduct or
| ayer, conpri sing: provxdmg muluple fast Resitipner ptages f@a@ffeqms smal ranges @fnd

lngaﬁtl ﬁgaﬁehgylrggllaﬁﬁioar gllngon a s o%gg%lglﬁ %edﬂ%lfag‘?ageeﬁqnﬁﬁy%@ecées a large

range of rel ati vevorkpieossnt between the Iaser beans and the circuit boards;
providing at least first and econ fast |t|one; st ages that are_coupl ed

to t he sl owPE96EFMEJAE slowand fast;  ve
movenent bgt ween yeRement-cdtfollings am; and associ at ed ones of the circuit -
boards; and coor t| ng the large and snmall ranges of

rel ati ve novenent sucdrivihgthe slew posmoner stagd withinl the dargd eanpenftrelative
predeterm ned hol e qygattern I n th(g h,& ?t conduct or | ayer of the
first circuit boSIQYCHGRE I ERRENSR I HiE FON MovEmapi-¢ sighaliiet er mi ned hol e
pattern in the diel eCdﬁVlﬁzéhféVﬁﬁl efa@ﬁp&ﬁfdﬂﬂﬂsﬁgéscwithmtkﬁ@%ﬁall?rgnges of

23. The nethod of claim further conprising generating

sl ow and fast novelative: movements in regpernse it the wmpmqm@nmndlmaélgml and
e e 15 0, g8l Bl SO AR B

34. multipléltdolsé B¢ refidered ethpuatily’ seationast AURivel tb thé multgple ar ge
range of relative nmovenent in response to the slow

novenent - cont r ol WoHgpieses during prreletermined time periods when the slow and fast positioner
stages are moving.

13. The method of claim 12 in which the workpieces are circuit boards
15 and the multiple tools are laser beams, the method further including triggering
the lasers beams during the predetermined time periods to cut holes in associated
ones of the circuit boards.
14. The method of claim 13 in which the circuit boards have a thickness
variation that is compensated for by a depth of field of each of the laser beams.
20 15. The method of claim 12 in which the slow positioner stage includes
an X-axis translation stage and a Y-axis translation stage and the multiple fast
positioner stages are mounted on the X-axis translation stage.
16. The method of claim 15 in which the multiple workpieces are
mounted-on the Y-axis translation stage.
25 17. The method of claim 12 further including:
identifying for each of the multiple workpieces a substantially identical set
of calibration targets;
sensing the positioning of the sets of calibration targets to identify
positioning errors from set to set;
30 processing the sensed pesitioning errors; and
correcting the small ranges of relative movement to compensate for the
positioning errors such that the multiple tools are simultaneously positionable to
the set of target locations on the multiple associated workpieces.
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driving the nultiple Tt mmstages Wit hin therm r%ZglsO(}385
relative novenents i ﬂgluml““t“m f ast venent - c rol li Sj I9985
'24. The nethod of claim 22 itn #hith Y he slo position%?&é%a

an X-axis translationstage and .a Y-axis,trans i on stage and the | tiple
f ast positinlgﬁleiﬁ%f’& Qafrcémﬂbg%f’éﬁ' %éenﬁ%ﬁg; F‘F‘Bmf‘é‘fr%ﬁ
stage. . one video ¢@merke nMethod of claim 24 in which the circuit
boards are nounted on . ' the Y-axis translation stage. 10

26. The nmethod of cl di%n The methodi oficlaimel7 in whichzat deasbivemcalibragionctargetsiatey

an ultraviolet | . S eL. | .beam i ener.at.ed by. I nfrared
aser. Rl G 08 RSiE8Re SRS IR SR N e iafiop plnoRg
wavel engt s i s | eghs nilitiple workpieces. about 355 nanoneters and the second
wavel ength is in a range fromabout 1,0 nanonet ers to about

1,000 ers,
10, 000 nanoneters. 120. The method of claim lhin which @b legst thregi calibration taggetstare he

coordi nati ng st ' i - . first ond
| aser beans con?ur@l%dcﬁg P?ﬁE‘mPPFs? OCOREUC t(;i'rofa%ﬁ, M?&t’ écﬁ%yfggﬁg‘f g‘fe‘ﬁe
first circuit boortibgenatity variatiorsemiongathe ayatiple fwdrkpiecescond circuit

board. 29. The npethod of clal,m 22 tfurther including: 20
i dentifying for each2bf %#@Eﬁ%@f@%apd@ which, gt least:four calibration taggets agst of

calibratiygn {argglified and the ppsitioning AR iRk 16iafi6R' SErRh! e Fherbfl® Sets. Of

calibration targets to I positioning errdrs associ’ated with
each of the cir crthogomaditylsand trapezoidal distortion yariatiens amgng the meltipid
positioning errors; and 25 correcting the small ranges of

rel ative novenelfoBSrmensate for the positioning errors such

that each of the |asgs hgaBoPpRitRAGY Hsttny tHAPH fmfddAtE] as part of a 1O the
~predeterm ned hole pattern on ‘an associ"ated circui't board.

30. In a tool powirkpiees prpcessingesysteimin whichithe wiotkpiecds ate ¢lectroni¢ cixcuit
wor kpi ece.processi St i n.whi ch the wor.kpi eces e glectronic circuit
30 < T80ar ds ponl Mo bstiotine tef cH'EHAE oBF 5 nelht for FolrinE b 1 or
cutting a predeBirRfiEdeRdle Paerh Gh At Rk S¥sh ahd) sekofi® bulittanfinihy identical | v
identical circuit boards each having at |east a first conductor
layer, a di el ectcircuit bagmls eaghhhaving at:lsast aclrstigendyctor layer, a didlepjrie layer, and
conprising. a second conductor layer, comprising:

generating at least first and second laser beams having respective first and

20 second wavelengths;
mounting the circuit boards on a slow positioner stage that effects a large
range of relative movement between the laser beams and the circuit boards;

providing at least first and second fast positioner stages that are coupled to

-

the slow positioner stage to effect small ranges of relative movement between
25 the laser beams and associated ones of the circuit boards; and
coordinating the large and small ranges of relative movement such that the
first laser beam cuts the predetermined hole pattern in the first conductor layer
of the first circuit board while the second laser beam cuts the predetermined hole
pattern in the dielectric layer of the second circuit board.
30 23, The method of claim 22 further comprising:
generating slow and fast movement-controlling signals for positioning the
lasers relative to the circuit boards in accordance with the predetermined hole

pattern;
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, Juttlh 77 /03385
ggﬁgr itz:sﬁgoalf??Sfosgﬂlﬂ"l"mul"uwulllswt | e form he first

* conduct or _ | ayef and a Second set of | as & SEP:1998
cutting the dielectr %%Wslowr*)osmoper stage wnhmrmé'rﬁr'g Ig#éorosftregpgasecond

subsets of the circul ards o ner e that

ef fects a | ar ge nicvegenpin zreepcﬁm wmem!mmmvehfehﬂmdlm $igeal] and 5
beans and the circuit  hoards providing at |east first and

second fast positi orfiViag g&e@“’t"fi’lﬂ fagt positinnsr é@g?so‘”“hm the smallraages|ofyy

posi ti oner stag mﬁgg] en

t he | aser beans?egrl]tgve:ﬁsﬁs)om ate {'ers]% ?@ﬂ?fa&ﬂn@&l oar@gmﬂg w

coordi natd ng the | ar@e Thel metwod ofr claige22 ai whidhathe slowipositionet stage lindlisdds t he
10 first se Iasqr beams cut éﬁ x? red term ned hol eéﬁﬁt_tern in the
first conductora® -axlstr eofnd: & -3% g5r andrfhe ayltipleifagoar ds
whil e the secon fstal _ "s@g’ﬁ cut the
pr edet er mi ned hol e pngft e?ﬁsgiﬁ% l?ﬁe dlg éhccft)r{laglslg{;/}gﬁsﬂ{ogf g second
subset of the circui25. bBhe oethod of claim 24 in which3he ciftuit bedriio dreofnouited wn30

further includi erfqorm a _wor kpi ece 15 calibration process that
conpri ses sensﬁ??g'g 8@?&&’?’?@3 ets on each circuit board

mount ed @n the sl OWZBOS'I‘ﬁd Rfiod Vf REBmAWirCRRIcR th fitkt 148r B8R lis péieased 9
relative novenent of associated ones of the fast positioner stages suc

that the an ultyavislps tleserriand thenssrond lasercheam is seoeratedibyl 4n infraredh laseh of
comprising: 20 27 The meshog of it 72 i PR A8 fi? Ve it S sosh
boards from t heabdoup355 asncdoed¢rs and the second vﬁbﬂﬂ%ﬂl is in a range from abot€1POO! i Ng
the first subset of the circuit boards on the ow positioner

nanometers to about 10,000 nanometers.

15 28. The method of claim 22 in which the coordinating step is carried out
such that the first and second laser beams concurrently cut the first conductor
layer of the first circuit board and the dielectric layer of the second circuit
board.

29. The method of claim 22 further including:

20 identifying for each of the circuit boards a substantially identical set of

calibration targets;

sensing the positioning of the sets of calibration targets to identify
positioning errors associated with each of the circuit boards;

processing the sensed positioning errors; and

25 correcting the small ranges of relative' movement to compensate for the
positioning errors such that each of the laser beams are accurately positionable
to the predetermined hole pattern on an associated circuit board.

30. Ina tool.positioning system that is implemented as part of a
workpiece processing system in which the workpieces are electronic circuit

30 boards, the tool positioning system carrying out a method for cutting a
predetermined hole pattern in a set of substantially identical circuit boards each
having at least a first conductor layer, a dielectric layer, and a second conductor

layer, comprising:
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. . ;P\;"“DV//U)DOJ .
stage for cutting by ¢ (RIHINHINA cccr veams; o b 4 oo ta08,.

+25 _ for cutting by the first set of |aser beans; and _
repeating the coordi nghtrating aditst set of laser beams suitali8 forl BsttifiE theOfrse bosdudton 32
further including performng a workpiece cal i bration process

before the repealdyeransd @pecond set of laser beams suitblerfos quitingote slieleqtzic dayss;
b her bnct 9.0 AR Al SR Yt e s R O PP 9 2
circuit boards ipositionerstagelthat effects a 1aigE4angeooi0R]ative aidmefBBetween the laser
' 5 beams and the circuit boards;
providing at least first and second fast positioner stages that are coupled to
the slow positioner stage to effect small ranges of relative movement between
the laser beams and associated ones of the circuit boards; and
coordinating the large and small ranges of relative movement such that the
10 first set of laser beams cut the predetermined hole pattern in the first conductor
. layers of the first subset of the circuit boards while the second set of laser beams
concurrently cut the predetermined hole pattern in the dielectric layers of the
second subset of the circuit boards.
31. The method of claim 30 further including performing a workpiece
15 calibration process that comprises sensing calibration targets on each circuit
board mounted on the siow positioner stage and correcting the small ranges of
relative movement of associated ones of the fast positioner stages such that the
.predetermined hole pattern is accurately cut in each of the circuit boards.
32. The method of claim 30 further comprising:
20 removing the second subset of the circuit boards from the slow positioner
stage; '
remounting the first subset of the circuit boards on the slow positioner
stage for cutting by the second set of laser beams;
mounting a third subset of the circuit boards on the slow positioner stage
25 for cutting by the first set of laser beams; and
repeating the coordinating step.
33. The method of claim 32 further including performing a workpiece
calibration process before the repeating step.
34. The method of claim 33 further including repeating the removing,
30 remounting, mounting a third subset, and coordinating steps until the entire set

of circuit boards is processed.
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{54) Title: MULTI-TOOL POSITIONING SYSTEM e
{57) Abstract

A multi-rate,
multi-head positioner (150)

Y POSITION COMMAND (OTHER AXIS)—~

FAST STAGE = FAST STAGE FAST STAGE
1 154BPOSITION 1
(%‘TAHW (OTHER AXIS) o )

L2y

receives and  processes

o~y

unpanelized positioning
commands to actuate slow
stages (56, 58) and multiple
fast stages (154) that are
mounted on one of the slow
stages to simultaneously
position multiple tools (156)
relative to target locations

FROM SYS. CONT.
COMPUTER 83

AX, AV, At

POSITION

_ CORRECTION DATA~,
HEGER N
FAST STAGE
PROFILER] 70 | COMMAND .

172~ | ] 172

dhae | shoe
A SIGNAL

SIGNAL
% _ | PROC.

POSITION *,

(162) on multiple associated
workpieces (152)., Bach of

DELAY

*)

the fast stages is coupled to
= fast stage signal processor
(172) that provides
cotrected position data to
ench fast stage positioner
to compensate for fast stage

80,62

nonlinearitics and workpiece
placement, offset, rotation,
and dimensional variations
among the  multiple

workpieces. When cutting

blind via holes in etched circuit boards (ECBs), improved throughput and process yield are achieved by making half of the tools ultraviotet

("UV") lasers, which readily cut conductor and dielectric layers, and making the other half of the tools are infrared ("IR") lasers, which
readily cut only dielectric layers. The UV lasers are controlled o cut an upper conductor layer and a portion of an underlying dielectric
layer, and the IR lasers are controlled to cut the remaining diclectric layer without cutting through or damaging a second underlying
conductor layer. The throughput is increased by cutting conductor layers in unprocessed ECBs while concurrently cutting dielectric layers
in ECBs that have already had their conductor layer cut. The process yield is increased by performing a warkpiece calibration prior to
each cutting step to account for any BECB placement, offset, rotation, and dimensional variations.
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