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(57) ABSTRACT 

Ahigh-speed method and system for precisely positioning a 
Waist of a material-processing laser beam to dynamically 
compensate for local variations in height of microstructures 
located on a plurality of objects spaced apart Within a 
laser-processing site are provided. In the preferred embodi 
ment, the microstructures are a plurality of conductive lines 
formed on a plurality of memory dice of a semiconductor 
Wafer. The system includes a focusing lens subsystem for 
focusing a laser beam along an optical aXis substantially 
orthogonal to a plane, an X-y stage for moving the Wafer in 
the plane, and a ?rst air bearing sled for moving the focusing 

(22) Filed: May 10, 2005 lens subsystem along the optical aXis. 
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METHOD AND SYSTEM FOR PRECISELY 
POSITIONING A WAIST OF A 

MATERIAL-PROCESSING LASER BEAM TO 
PROCESS MICROSTRUCTURES WITHIN A 

LASER-PROCESSING SITE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is related to provisional patent 
application entitled “Trajectory Generation And Link Opti 
miZation”, ?led the same day as the present application. 
Also, this application is related to US. patent applications 
entitled “Precision Positioning Apparatus” ?led on Sep. 18, 
1998 and having U.S. Ser. No. 09/156,895, and “Energy 
Ef?cient Laser-Based Method and System for Processing 
Target Material” ?led on Dec. 28, 1999 and having U.S. Ser. 
No. 09/473,926. 

TECHNICAL FIELD 

[0002] This invention generally relates to methods and 
systems for high speed laser processing (machining, cutting, 
ablating) microstructures. More speci?cally, this invention 
relates to methods and systems for precisely positioning a 
Waist of a material-processing laser beam to process micro 
structures Within a laser-processing site. Semiconductor 
memory repair is a speci?c application Where precise posi 
tioning in depth of the beam Waist of the laser beam is 
required to dynamically compensate for local variations in 
height of the Wafer or target surface. 

BACKGROUND ART 

[0003] Memory Repair is a process used in the manufac 
ture of memory integrated circuits (DRAM or SRAM) to 
improve the manufacturing yield. Memory chips are manu 
factured With extra roWs and columns of memory cells. 
During testing of the memory chips (While still in the Wafer 
form), any defects found are noted in a database. Wafers that 
have defective die can be repaired by severing links With a 
pulsed laser. Systems generally utiliZe Wafer-handling 
equipment that transports semiconductor Wafers to the laser 
process machine, and obtain the information in the form of 
an associated database specifying Where the links should be 
cut and performs the requisite link ablation for each Wafer. 

[0004] Successive generations of DRAM exploit ?ner 
device geometry in order to pack more memory into smaller 
die. This manufacture of smaller devices affects the geom 
etry of the links allocated for laser redundancy. As the 
devices get smaller, the links get smaller and the pitch 
(link-to-link spacing) shrinks as Well. Smaller link geometry 
requires a smaller spot siZe from the laser in order to 
successfully remove selected links Without affecting adja 
cent links, preferably With little if any compromise in 
throughput. 
[0005] All systems focus the laser-processing beam to 
perform memory repair and require that the surface of the 
link be maintained Within a small tolerance of the beam 
Waist (focus) position With depth. When the link is in the 
focal plane of the lens, the focused spot Will be minimum 
siZe. At focus or “beam Waist height” above or beloW 
nominal, the spot Will be defocused With the magnitude of 
defocus increasing With distance from nominal. A defocused 
spot reduces the energy that is delivered to the target link 
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possibly leading to insuf?cient cutting of the link. A defo 
cused spot may also place more laser energy on adjacent 
links or on the intervening substrate leading to possible 
substrate damage. At some level of defocus, the laser cutting 
process is no longer viable. 

[0006] The alloWable tolerance for relative placement of 
the lens and link is referred to as “depth of focus” (DOF). 
The depth of focus criteria is a function of the process 
tolerance for the particular link and laser combination. 
Experiments are typically performed over a range of oper 
ating parameters, including focus height, in order to deter 
mine the sensitivity of the laser cutting process to the 
parameters. For instance, from these experiments it might be 
found that the laser Would reliably sever links When the 
combinations may exhibit more or less process latitude to 
focus height. 

[0007] Prior generation memory repair systems perform a 
focus operation once per site. As more dies are processed 
Within a single site, the site dimensions get larger. This 
presents a problem in that the Wafers seldom are ?at (planar) 
and parallel to the focal plane. If focus is performed at only 
one point Within a site, then the system Will operate slightly 
out of focus at points Within the site that are not near to the 
focus location. 

[0008] At least three factors affect the ability of a memory 
repair system to maintain the link in focus. 

[0009] 1. The process or sensor used to measure 
focus may exhibit errors. 

[0010] 2. The Wafer may exhibit “topology” that 
requires different focus heights at different locations 
over the surface of the Wafer. 

[0011] 3. The mechanism used to provide relative 
motion betWeen the Wafer surface and focal plane 
may exhibit errors. 

[0012] A process for compensating height variations Was 
used in 1992 by a predecessor company of the assignee of 
the present invention (i.e. “GSI”) to perform thin-?lm trim 
ming on integrated circuits (IC) in non-Wafer form. At the 
time, IC’s Were being packaged into sensors and then 
trimmed after packaging. The problem encountered at the 
time Was due to the packaged die being signi?cantly non 
parallel to the surrounding package (typically pressure sen 
sors). Incorporating a Z-Roll-Pitch mechanism for position 
ing the device in the product solved the problem at the time. 
An auto-collimator sensor Was included in the optical path 
and used to measure the angle of the die surface relative to 
the focal plane. The angular information from the auto 
collimator Was combined With a single focus measurement 
to de?ne a plane. The mechanism then moved the die in 3 
axes to place the die into the best-?t plane compensating for 
Z, roll and pitch. The range of die tilting Was suf?ciently 
large that it Was often necessary to perform iterative cor 
rections to properly focus the die. After making an adjust 
ment in Z, roll and pitch, a second set of focus and tilt 
measurements Was made folloWed by a subsequent (smaller) 
focus and tilt correction. 

[0013] One problem of this approach is that the auto 
collimator Worked best When it could be directed at a large 
“planar” object. With pressure sensors, it Was often possible 
to de?ne a large region that lacked surface features in order 



US 2005/0199598 A1 

to use as an auto-collimator target. It Would not be possible 
to ?nd such a region on a typical IC found in memory repair 
applications. 
[0014] In 1994, GSI developed a different approach to 
handle thin-?lm trimming on “tilted die.” The problem Was 
again due to trimming on packaged IC (pressure sensors). In 
this case, the speci?cs of the customer’s device precluded 
the use of a tilting Z-stage. A single Z-axis stage Was used 
in the product and the Z-stage Was moved in coordination 
With X and Y positioning of the laser beam. Also, the 
absence of suitable target structures for the auto-collimator 
on certain customer’s devices forced GSI to develop the 
multi-site focus algorithm. Height measurements Were 
obtained using a sensor that obtained a sequence of mea 
surements along the Z-axis from Which the position of best 
focus Was correlated to surface position—a prior art method 
knoWn as “depth from focus”. The process Was repeated at 
3 non-collinear locations. A best-?t plane (exact in the case 
of 3 points) Was used to coordinate the movement of the 
device that Was mounted to the Z-stage. 

[0015] Prior art laser-based, dynamic focus techniques 
and/or associated “depth from focus” are Widely used over 
a range of scales and at various operating speeds. Exemplary 
systems operating at a microscopic scale are disclosed in 
US. Pat. Nos. 5,690,785, 4,710,908, 5,783,814, and 5,594, 
235, and selected pages of Chapter 7 entitled “Optics for 
Data Storage” in the book “Laser Beam Scanning” by 
Marcel Dekker, Inc., 1985. A desirable improvement in the 
memory processing or the processing of other microstruc 
tures Would provide capability to generate and apply indus 
try-leading small spot siZes to the applications With 
improved throughput. In turn, an improved ?gure of merit 
for resolution and speed in the presence of local depth 
variations Which substantially exceed the DOF associated 
With the small spot siZes. 

DISCLOSURE OF INVENTION 

[0016] An object of the present invention is to provide a 
high-speed method and system for precisely positioning a 
Waist of a material-processing laser beam to process micro 
structures Within a laser-processing site. 

[0017] It is an object of the invention to provide a method 
and system for high-speed laser processing of microstruc 
tures on a surface having three-dimensional coordinates 
Wherein the surface has substantial local Warpage, Wedge, or 
other variations in depth. The variations introduce a require 
ment for high speed, 3-dimensional relative motion of the 
target and laser beam, Within a die site for example, so as to 
dynamically and accurately position the beam Waist. The 
beam Waist, Which may be less than 1 um in depth, is to 
substantially coincide With the 3D location of the micro 
structure. 

[0018] It is an object of the invention to provide an 
improved “speed-resolution product” in 3 dimensions— 
Where the control system for the Wafer movement preferably 
provides movement in 2 directions, and the high precision 
lens actuator provides beam focusing (e.g.: positioning of 
the beam Waist) action in the third dimension. 

[0019] It is an object of the invention to reduce the 
alignment time of the process by estimating a surface Which 
is used to de?ne a trajectory thereby eliminating or mini 
miZing any requirement for die-by-die alignment or die-by 
die focus measurements. 
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[0020] It is an object of the invention to maintain the 
correct focus height (i.e.: beam Waist position) over the 
entire site (i.e.: several dice of a Wafer), thereby improving 
over prior art focus solutions capable of only maintaining 
focus at locations adjacent to the focus location. 

[0021] It is an object of the invention is to process dice on 
a Wafer With a single “site.” The ?eld siZe may alloW as 
many as six or eight 64 M DRAM dice to be processed at 
one time. This process is called multi-die align (MDA). The 
use of MDA affords a signi?cant throughput improvement 
by reducing the number of alignment operations required to 
process the Wafer from 1-per die to 1-per site. The prior art 
alignment operations may require roughly the same amount 
of time to perform as link cutting for a single die. 

[0022] In carrying out the above objects and other objects 
of the present invention, a method for precisely positioning 
a Waist of a material-processing laser beam to dynamically 
compensate for local variations in height of microstructures 
located on a plurality of objects spaced apart Within a 
laser-processing site is provided. The method includes pro 
viding reference data Which represents 3-D locations of 
microstructures to be processed Within the site, positioning 
the Waist of the laser beam along an optical axis based on the 
reference data, and positioning the objects in a plane based 
on the reference data so that the Waist of the laser beam 
substantially coincides With the 3-D locations of the micro 
structures Within the site. 

[0023] The objects may be semiconductor dice of a semi 
conductor Wafer Wherein the microstructures are conductive 
metal lines of the dice. 

[0024] The objects may be semiconductor memory 
devices. 

[0025] The step of providing may include the step of 
measuring height of the semiconductor Wafer at a plurality 
of locations about the site to obtain reference height data. 
The step of providing may further include the steps of 
computing a reference surface based on the reference height 
data and generating trajectories for the Wafer and the Waist 
of the laser beam based on the reference surface. 

[0026] The reference surface may be planar or non-planar. 

[0027] The method may further include varying siZe of the 
Waist of the laser beam about the optical axis. 

[0028] The step of providing may include the steps of 
reducing poWer of the material-processing laser beam to 
obtain a probe laser beam and utiliZing the probe laser beam 
to perform the step of measuring. 

[0029] Further in carrying out the above objects and other 
objects of the present invention, a system for precisely 
positioning a Waist of a material-processing laser beam to 
dynamically compensate for local variations in height of 
microstructures located on a plurality of objects spaced apart 
Within a laser-processing site is provided. The system 
includes a focusing lens subsystem for focusing a laser beam 
along an optical axis, a ?rst actuator for moving the objects 
in a plane, and a second actuator for moving the focusing 
lens subsystem along the optical axis. The system further 
includes a ?rst controller for controlling the ?rst actuator 
based on reference data Which represents 3-D locations of 
microstructures to be processed Within the site, and a second 
controller for controlling of the second actuator also based 
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on the reference data. The ?rst and second actuators con 
trollably move the objects and the focusing lens subsystem, 
respectively, to precisely position the Waist of the laser beam 
and the objects so that the Waist substantially coincides With 
the 3-D locations of the microstructures Within the site. 

[0030] A support supports the second actuator and the 
focusing lens subsystem for movement along the optical 
ads. 

[0031] The system may further include a spot siZe lens 
subsystem for controlling siZe of the Waist of the laser beam, 
a third actuator for moving the spot siZe lens subsystem 
Wherein the support also supports the spot siZe lens sub 
system and the third actuator for movement along the optical 
aXis, and a third controller for controlling the third actuator. 

[0032] The ?rst actuator may be an X-y stage. 

[0033] The second and third actuators may be air bearing 
sleds for supporting the focusing lens subsystem and the 
spot siZe lens subsystem, respectively, both mounted for 
sliding movement on the support. 

[0034] A voice coil is coupled to its respective controller 
for positioning its air bearing sled along the optical ads. 

[0035] The system may further include a position sensor 
such as a capacitive feedback sensor for sensing position of 
the focusing lens subsystem and providing a position feed 
back signal to the second controller. 

[0036] The laser beam may be a Gaussian laser beam. 

[0037] The system may further include a trajectory plan 
ner coupled to the ?rst and second controllers for generating 
trajectories for the Wafer and the Waist of the laser beam. At 
least one of the trajectories may have an acceleration/ 
deceleration pro?le. 

[0038] The system may further include a modulator for 
reducing poWer of the material-processing laser beam to 
obtain a probe laser beam to measure height of the semi 
conductor Wafer at a plurality of locations about the site to 
obtain reference height data. The system may include a 
computer for computing a reference surface based on the 
reference height data Wherein the trajectory planner gener 
ates the trajectories based on the reference surface Which 
may be planar or non-planar. 

[0039] The invention improves upon the prior art by 
including tWo steps: 

[0040] 1. Height measurements are performed at 
multiple (typically 4 or more) points surrounding the 
die site. 

[0041] 2. The focus (beam Waist) height is adjusted as 
the laser beam is positioned Within the site so as to 
maintain best focus throughout the site based on 
?tting a surface to multiple height measurements. 

[0042] A method for high speed laser processing of micro 
structures having three dimensional coordinates includes the 
steps of: 

[0043] Selecting a plurality of reference locations on a 
surface from Which height data is to be obtained, obtaining 
height coordinates at the plurality of reference locations 
separate from but in proximity to micro-structures, estimat 
ing three dimensional locations of micro-structures from the 
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coordinates of the reference locations, generating a trajec 
tory adapted to position micro-structures relative to a loca 
tion de?ning a laser processing beam aXis, determining the 
position of an optical component disposed in path of the 
laser processing beam such that the corresponding position 
of the beam Waist of the focused laser processing beam Will 
substantially coincide With a coordinate of a micro-structure 
When the micro-structure is positioned to intersect the active 
laser processing beam, inducing relative movement betWeen 
micro-structures and the location of a laser processing beam 
While coordinating the movement of the optical element in 
the path of the laser processing beam to dynamically adjust 
the position of the beam Waist of the processing laser beam 
Whereby the location of the beam Waist substantially coin 
cides With a coordinate of the micro-structure When it 
intersects the laser processing beam, providing a laser pro 
cessing beam pulse to process the microstructure While 
relative movement is occurring betWeen the micro-struc 
tures and the laser processing beam. 

[0044] The height information Will preferably be obtained 
from the same laser and optical path used for processing, but 
With reduced poWer (With a modulator used to reduce the 
poWer and avoid damage to the surface). 

[0045] Alternatively, a separate tool may be used to mea 
sure the height of the surface at reference locations. 

[0046] In a construction of the invention, the estimated 
surface location may be computed from a planar ?t, higher 
order surface ?t, through bilinear interpolation. 

[0047] A straight line approximation may be used for 
micro-structures located in a roW. 

[0048] The preferred optical system has capability for both 
spot siZe selection and focus control. 

[0049] The optical focusing system is preferably mounted 
on an air bearing sled. 

[0050] In a preferred system, spot siZe adjustment is 
provided With Zoom elements mounted on an air bearing 
sled Which independently adjusts spot siZe. 

[0051] In a preferred system a high precision voice coil 
motor is mounted to the optical boX and operatively con 
nected to the air bearing sled. 

[0052] In a preferred system, the position of the focusing 
optical system is monitored With a high band Width position 
sensor, such as a capacitive feedback sensor. 

[0053] In a preferred construction the positioning of the 
lens or optical element provides Z-aXis resolution of about 
0.1 um With a half poWer bandWidth of about 150 HZ. 

[0054] In a preferred construction of the present invention, 
the maXimum velocity of the Wafer movement stage during 
processing is in the range of about 50-150 mm/sec. 

[0055] The preferred range of movement of the optical 
element corresponds to about 3 mm movement range of the 
beam Waist along the Z direction. 

[0056] In a construction of the invention, the response of 
the actuator controlling the beam Waist position can corre 
spond to an incremental change in depth Within a duration of 
about 0.03 msec. 
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[0057] A numerical offset may be introduced to compen 
sate for the thickness of overlying passivation layers cov 
ering the micro-structure, or other offsets With respect to the 
reference surface. 

[0058] The spot siZe at the three-dimensional coordinate 
of the microstructure is preferably Within 10% of the dif 
fraction limited (smallest) spot siZe after relative movement 
of an optical element. 

[0059] The energy enclosure at the three-dimensional 
coordinate of the microstructure preferably exceeds 95% 
siZe after relative movement of an optical element. 

[0060] The peak energy of the processing laser spot Will 
preferably exceed 90% of the maximum peak energy. 

[0061] The laser beam may be substantially Gaussian and 
TEMOO. 

[0062] The Z coordinate of the beam Waist is preferably 
dynamically adjusted and folloWs a computed surface, such 
as a plane. The corresponding change in depth betWeen any 
tWo structures, including adjacent structures in a roW of 
microstructures, may exceed the Z-axis resolution of the 
optical system positioner Within a die. 

[0063] The Z coordinate of the beam Waist is preferably 
dynamically adjusted and folloWs a computed surface, such 
as a plane. The corresponding change in depth betWeen any 
tWo structures, including adjacent die on the Wafer, may 
exceed the DOF of the laser beam. 

[0064] A dimension of a microstructure may be less than 
the Wavelength of the laser, for example: 0.8 pm Width, 6 pm 
length, 1 pm thickness spaced apart by about 1.5 pm-3 pm 
from center-to-center. 

[0065] The tolerable DOF of the laser beam may be on the 
order of or less than 1 Wavelength of the laser processing 
beam. 

[0066] The tolerable DOF of the laser beam may be less 
than 1 um. 

[0067] The optical element may be moving the position of 
the beam Waist in response to a continuous motion signal 
While the laser processing of the microstructure is occurring. 

[0068] The optical element may be moving the position of 
the beam Waist during the relative motion of the laser and 
micro-structures. 

[0069] The relative motion of the lens may be constant, or 
may have acceleration/deceleration pro?les provided by a 
trajectory planner. 
[0070] A system of the present invention is able to operate 
With smaller spot siZes (Which require better focus control) 
and thereby process devices With smaller geometry than 
prior memory repair systems due in part to superior focus 
control. 

[0071] Dynamic Focus alloWs a system of the present 
invention to adapt to the non-parallel and non-planar topol 
ogy that is typically found on real Wafers and maintain 
acceptable focus over the full extent of a die site. 

[0072] The method and system of the present invention is 
to be advantageously applied to semiconductor memory 
repair. HoWever, it Will be apparent that the present inven 
tion is also advantageous for microscopic laser processing 
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applications Where the depth of focus is small compared to 
the local height variations in the surface, and Where the laser 
processing is to occur at high speed. 

BRIEF DESCRIPTION OF DRAWINGS 

[0073] FIG. 1 is a schematic block diagram shoWing a 
prior art system for semiconductor memory repair; 

[0074] FIG. 2 is a detailed schematic block diagram of a 
memory repair system in accordance With the present inven 
tion shoWing the major sub-systems; 

[0075] FIG. 3 is a schematic block diagram, similar to the 
diagram of FIG. 1, of the optical subsystem of the present 
invention shoWing the interaction With control systems used 
for Wafer processing, including the trajectory generation 
subsystem; 
[0076] FIG. 4 is an exemplary illustration shoWing a 
Wafer processing site comprising several die and associated 
regions Where reference regions are located to de?ne a 
reference surface; 

[0077] FIG. 5 illustrates a preferred coordinate system 
used for transformations to specify the location of a laser 
beam relative to a processing site in a laser processing 
system utiliZing a precision positioning system; 

[0078] FIG. 6 is an illustration of the process of ?tting a 
plane With bilinear interpolation; 

[0079] FIG. 7a is a graph shoWing the available depth of 
focus (and DOF tolerance) as a function of spot siZe con 
sistent With the requirements of link processing; 

[0080] FIG. 7b is a schematic diagram illustrating the 
diameter of a Gaussian laser beam prior to, at and after its 
minimum spot siZe; 

[0081] FIGS. 8a-8c illustrate the assembly details and 
operation of the high-speed lens positioning system used for 
adjusting the beam Waist (focus) position betWeen adjacent 
links to be processed; 

[0082] FIG. 9 illustrates details of a preferred lens 
arrangement and positioning system advantageous for use in 
practicing the present invention; 

[0083] FIG. 10a is a schematic vieW of links of dice to be 
processed Within a die site; and 

[0084] FIG. 10b is a schematic vieW of motion segment 
types generated by the system of the present invention. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

[0085] A preferred system of the present invention is 
shoWn in FIG. 2. A Wafer 4 is positioned Within the laser 
processing system 110 and database information from the 
user interface 11 is provided to identify the links (33 in FIG. 
4) on the Wafer Which are to be ablated to repair defective 
memory cells. 

[0086] Referring to FIG. 3, Wafers exhibit Wedge 28 (i.e. 
a plane that is tilted With respect to the focal plane) and 
non-planar topology 281 Which requires compensation. The 
Wedge 28 and local curvature 281 are exaggerated in scale 
for the purpose of illustration. Based upon the speci?ed 
locations of the defective cells regions are identi?ed on the 
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Wafer (33 in FIG. 4) in reference height data is to be 
obtained. Such locations may be “bare Wafer” regions that 
have little surface texture or other suitably de?ned regions 
that are generally selected to match the imaging and pro 
cessing capabilities of the measurement sensor. Typically 
depth information Will be obtained using a “depth from 
focus” algorithm, and may be obtained using the laser 
operated With loWer incident poWer resulting through opera 
tion of the modulator 2. A reference surface is de?ned from 
the surface height information through mathematical tech 
niques for surface ?tting. The ideal Wafer surface (one that 
does not require compensation) is a plane that is parallel to 
the focal plane of the optical system 5, but slight non 
orthogonality of the X, y system relative to the optical aXis 
and/or surface variations produce signi?cant height devia 
tions 28. 

[0087] Referring again to FIG. 2, the computed reference 
surface is used by the trajectory planner 12 and a DSP based 
controller 15, 16 in conjunction With motion stage 6, 7, 26 
calibration to de?ne motion segments for the trajectory 
generator Which are eXecuted and coordinated With laser 1, 
focusing optics 24, and X, y stages 6, 7 operation to ablate 
links. This operation includes control of X, y motion With 
preferred high speed precision stages 6, 7 and simultaneous 
positioning of optical elements 24 to position the beam Waist 
5 of processing laser 1 to coincide With a coordinate of the 
link 33 When the laser is pulsed. 

[0088] All memory repair systems include some dynamic 
mechanism to provide relative motion betWeen the Wafer 
surface and the focal plane. In some cases, this may involve 
controlling the height of the Wafer 4 relative to a ?Xed height 
optical path 3 as shoWn in FIG. 1 by movement 9 along the 
Z-aXis. Alternatively the motion 9 may utiliZe movement of 
the lens 3 in a “stepWise” manner to coincide With a location 
in depth derived from focus data from a die of site. 

[0089] With the present invention the overall height of the 
Wafer remains constant and the ?nal objective lens height is 
controlled by a linear servo mechanism 22,23 and controller 
14, 17. The positioning of the lens or optical element With 
a preferred arrangement using a precision positioning sys 
tem 22-27 for Z aXis movement provides Z-aXis resolution 
of about 0.1 um or ?ner With a 3 DB “small signal” 
bandWidth of about 150 HZ, over a typical maXimum range 
of movement of about 3 mm. 

[0090] The folloWing description provides additional 
detail for operation and construction of the preferred system 
of the invention. HoWever, the embodiment and variations 
described beloW is intended to be illustrative rather than 
restrictive etc. 

[0091] Selecting Reference Regions and Obtaining Data 
[0092] A system for link bloWing Will generally require 
processing (i.e. laser ablation) of a subset 33 of a large 
number of links 34 on a Wafer. The information Which 
de?nes the links to be processed is provided to a control 
program. The program in turn Will de?ne a set of reference 
locations 32 surrounding a number of die 35 to be pro 
cessed—i.e. a “site”. The locations Will generally include a 
sufficient number of points to accurately de?ne a trajectory 
to be folloWed by the Wafer and lens system based upon 
commands generated for motion system control. 

[0093] At each reference location height or “focus posi 
tion” is measured using an auto-focus or more precisely a 
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“depth from focus” sensor. In a preferred system scans occur 
over a ?Xed X, y location target While continually adjusting 
the beam Waist position over a range of heights (Z-aXis 
positions). The contrast in each scan is recorded at each 
height. When the laser is in best focus, the contrast in the 
scan Will be maXimiZed. Errors occur in the auto-focus 
routine due to random ?uctuations in the laser during the 
scan and mechanical vibrations in the system. The high 
poWer processing beam may be used if the modulator 2 is 
used to control the poWer delivered to the surface. 

[0094] The reference information and computed surface 
provide eXact compensation for planar topology 28 that is 
either parallel or non-parallel to the focal plane. In the case 
of parallel and planar topology, the dynamic focus method 
of the present invention is an improvement over prior art. 
Multiple reference sites 32 provide “best estimates” of a 
surface and improved measurement and statistical con? 
dence in the presence of sensor noise and mechanism errors. 

[0095] For non-planar topology (eX: conveX or concave 
surfaces), the Dynamic Focus method of the present inven 
tion is an improvement, though still non-ideal solution. With 
non-planar topology 281, as illustrated in FIGS. 1 and 3, a 
satisfactory participation Will typically be a best-?t plane. A 
plane can closely approXimate many surface shapes as long 
as the minimum radii of curvature of the actual surface is 
large (recogniZe that a plane is a curve With in?nite radius 
of curvature). For typical Wafer surfaces, the best-?t plane 
approXimation is suf?cient to compensate for the majority of 
Wafer topology With residual errors (deviation from best-?t 
plane) comparable to the other error sources listed earlier. 

[0096] The dynamic focus method and system of the 
present invention can be used in a variety of modes based on 
the form of topology that is assumed. 

[0097] Mode 0: Dynamic Focus Will function similar to 
typical prior focus systems When operated in Mode 0. A 
single focus measurement is made at one location, for 
eXample a die Within a die-site, and a parallel plane is 
assumed for all locations Within the site. Dynamic Focus 
offers no advantage over conventional solutions When oper 
ated in this manner. 

[0098] Mode 1: Making multiple focus measurements 
around the die site and using the average focus height as the 
parallel plane can make a slight improvement over Mode 0. 
This is referred to as Mode 1. There Would be little reason 
to use this mode unless there Were a good reason to believe 
that the actual Wafer topology is indeed a parallel plane and 
that the largest focus error to be corrected is due to focus. 

[0099] Mode 2: TWo non-collocated focus measurements 
can be used to ?t a tilted plane that contains the 2 measured 
focus heights, but is otherWise parallel to the focal plane. 
Speci?cally, a line perpendicular to the line containing the 2 
focus measurements is parallel to the focal plane. This mode 
is best considered as a degenerate case of the subsequent 
modes. 

[0100] Mode 3: Three non-collinear focus measurements 
are the minimum number necessary to describe a best-?t 
plane for the die-site. This is a substantial improvement over 
Modes 0-2 as long as Wafer topology is a larger source of 
error than focus measurement (generally the case). 

[0101] Mode 4: Refer to FIGS. 4 and 6. Four non 
collocated and non-collinear focus measurements (generally 
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taken at the 4 corners of a die-site) provide a further 
improvement over Mode 3 in the presence of non-Zero 
measurement error. If there is reason to believe that focus 
measurement contributes more error than the best-?t plane 
assumption, then the 4 measurements can be used to solve 
for the best-?t plane. In this case, the 4th measurement is 
providing a slight bit of averaging to the other 3 measure 
ments to help reduce errors due to focus measurement. 

[0102] Referring noW to FIGS. 1 and 6. If Wafer topology 
4 is believed to be a larger source of error than height 
measurement, then the 4 measurements 32 can be used to 
construct a “tWisted plane.” A tWisted plane is a bi-linear 
interpolation of the 4 height measurements. A bi-linear 
interpolation produces the height measurements exactly 
When evaluated at the focus reference sites and smoothly 
interpolates betWeen the measurements at all other points. 

[0103] Beam Waist position at a point X,y Within the site is 
given by the equation: 

wherein: 

_ X - X0 

Xf _ X1-X0 

Xg : l — Xf 

Y _ Y- Y0 

f _ Y1- Y0 

Yg : l — Yf 

[0104] It Will be apparent those skilled in the art of 
measurement that the use of least squares ?tting of addi 
tional reference points may improve the results. Further, if 
advantageous, additional data may be collected and used to 
?t a higher order quadratic or cubic surface. For a given laser 
processing application the number of samples and the choice 
of reference surface generally depend upon the maXimum 
rate of change eXpected over the region to be sampled. 

[0105] Trajectory Planning and Generation 

[0106] A“trajectory planner”12 is utiliZed to plan the path 
of the Wafer 4 and beam Waist position 5 With a motion 
system 6, 7, 17 and associated DSP based controller 16. 
Included as part of the present invention is a high-speed 
precision actuator 22, 23 for the lens system 24, 25. The 
trajectory planner integrates information from the user inter 
face and alignment system 11 that is used to de?ne the 
position of the laser relative to the targets (the latter typically 
mounted on a precision stage, for instance, a Wafer stage) in 
a coordinate system. From the database the information is 
derived, resulting in a “link map”, die selection, and other 
pertinent data regarding the memory repair operation. 

[0107] Those skilled in the art of motion control and 
estimation Will appreciate the tolerance budget requirement 
for accurate three-dimensional positioning in a high-speed 
memory repair processing system. A fraction of a micron, 
over a maXimum range of travel of about 300 mm or more, 
corresponds to the entire area of a modern Wafer. Processing 
or “cutting speeds” exceeding 50 mm/sec. are advantageous. 
Also, the above-noted copending utility patent application 
entitled “Precision Positioning Apparatus,” (noW alloWed) 
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and incorporated by reference describes details of a pre 
ferred Wafer positioning system. 

[0108] In a preferred embodiment of the present invention 
trajectory generation Will include a relative coordinate sys 
tem organiZed as illustrated in FIG. 5 into “World”41, 
“stage”42, “device”43 and “beam”44 coordinates, as illus 
trated by the folloWing kinematic transformation: 

[0109] WORLD PSTAGE=WORLDP 
BEAM®STAGETDEV®DEVPBEAM 

[0110] World. The World frame is attached to the machine 
base. The origin is located at the midpoint betWeen the tWo 
X, Y motion encoder read heads ?Xed to the base, and its Y 
aXis passes through the center of each read head. 

[0111] Beam. The beam frame is attached to the optics boX 
18. The origin is located at the center of the focused laser 
spot. 

[0112] Stage. Attached to the Wafer stage 6,7. It is coin 
cident With the World frame When the stage is at the Wafer 
load position (lift pin holes aligned With lift pins). 

[0113] Device. This frame, abbreviated as “dev”, is 
attached to the Wafer stage. Preferably beam motion is 
alWays commanded relative to the device frame. The device 
frame is arbitrarily de?ned by the user, to correct for die 
alignment, for eXample. The transformation from stage to 
device frame is a six-parameter linear transform, not a 
rigid-body one. For this reason the device frame is deliber 
ately shoW as a distorted frame. 

[0114] The kinematic transformation relates the frames. A 
system de?nition Which speci?es the motion at the path of 
the laser beam 5 With respect to a user de?ned device 
coordinate system is a convenient architecture as related to 
link bloWing, though other applications may vary from such 
an architecture. In general, the transformation T in FIG. 5 
relating stage coordinates to the device frame is a siX 
parameter linear transformation as opposed to a rigid body. 
Those skilled in the art of motion control, particularly as 
implemented in multi-aXis robotic systems, Will recogniZe 
and be familiar With concepts and conventions of reference 
(coordinate) frames and coordinate transforms. In a pre 
ferred implementation a calibration step is included for all 
the motion stages Which Will result in data Which is used in 
subsequent coordinate transformations (e.g. translation, 
rotation, scaling) to accurately relate all the coordinate 
systems and mathematical transforms. 

[0115] In operation, beam focus position 5 is adjusted “on 
the ?y” to preferably position the central portion (minimum 
Width) 62 of the focused Gaussian laser beam 5 to coincide 
With the link to be processed. The focus subsystem 90, 
Which is shoWn in FIG. 8-9 and Will be described in more 
detail later, preferably includes a high performance linear 
voice coil motor and associated circuitry 22, 23 mounted to 
the optical sub-system. To position the beam Waist the 
surface generated from the reference data provides the 
required coordinate information. In a preferred embodiment 
the resultant heights are constructed in the “stage” coordi 
nate frame 42 because the “device” frame 43 Will be altered 
after focus correction by subsequent die alignment. HoW 
ever, those skilled in the art Will recogniZe that many 
variations can eXist dependent upon speci?c application 
requirements. 
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[0116] Positioning the Optical Components 

[0117] The precision lens system 24, 84 Will be positioned 
so the beam Waist 5, 62 at the intersection of the link so that 
the link 33 is severed Without damage to adjacent structures 
by the laser. The relative movement may be on the order of 
1 micron or ?ner betWeen adjacent links, With peak to peak 
movement of perhaps tens of microns over the Wafer at the 
preferred processing speeds. In a preferred system the optics 
Will provide programmable spot siZe control With lens 
system 25,85 in addition to focus (beam Waist) control. 
Those skilled in the art of laser beam manipulation Will 
appreciate the tolerances required for positioning in such a 
Way to enclose nearly all of the laser energy Within the link 
area, corresponding to a small fractional loss of peak energy 
at the center of the beam. FIG. 7a illustrates the depth of 
focus (for speci?c DOF tolerances) for an ideal focused 
Gaussian beam laser having a Wavelength of 1.047 um. The 
DOF depends upon the lens numerical aperture, laser Wave 
length, and is affected by beam truncation and other factors. 
Sub-micron tolerances are present, and the link siZes 
encountered in present link bloWing systems are less than 1 
pm in a dimension, for example, 0.5 pm Wide and 6 pm 
length on center-to-center spacings of about 1.5-3 pm. 
Graph 65 is representative of requirements for state of the art 
memory repair systems. If total spot siZe groWth of only 5% 
is required to ablate the link the total DOF is about 1 um, or 
10.5 um relative to the position of best focus, for eXample. 
A standard DOF criteria (often used) of 40% is not accept 
able for link bloWing applications. 

[0118] FIG. 9 shoWs optical details of a preferred direct, 
unleveraged lens system. The input beam 91 is nominally 
collimated and the voice coil 23 maintains the laser spot in 
the calculated target ?eld as determined by the trajectory 
planner 12. The objective 24 translates on an air bearing sled 
26. The preferred embodiment has the advantage of a 
common, precision optical aXis for both spot siZe change and 
rapid focus adjustment. The Zoom beam eXpander 25 is 
optically compensated to maintain the collimation With spot 
siZe change, and a small residual error is accommodated 
With the dynamic focus objective 24. 

[0119] The relationship betWeen the depth of the beam 
Waist and the position of the link is computed via the 
trajectory planner 12. Given a detailed prescription of the 
lens surface positions, indices of refraction those skilled in 
the art can make use of standard ray trace methods for 
Gaussian laser beams to calculate the change in depth of the 
beam Waist as a function of the translation of the focusing 
assembly. 

[0120] FIGS. Sa-Sc shoW in detail a preferred construc 
tion of the opto-mechanical system of the present invention 
in the form of an assembly draWing. A precision V-block 
assembly 81 is used for the Z-aXis dynamic focus assembly. 
The air bearing sleds 83 are used for positioning both the 
objective lens 84 and Zoom lens 85, and is advantageous for 
overcoming limitations in accuracy and reliability. The use 
of hard bearings Would be problematic at the ?ne scale of 
movement (Within DOF tolerance—<0.1 um increments) 
and at the relatively high frequency (typically 100-250 HZ). 
In addition to noise and reliability issues (ie: Wearing 
mechanical parts) X,Y displacements during Z aXis motion 
are much better controlled or eliminated With the air bearing 
system. Such displacements, even if a fraction of a micron, 
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can lead to link severing results Which are incomplete (ie: 
contamination) or possibly damage surrounding structures. 
The assembly step corresponding to 89 depicts the air 
bearing sleds Within the v-block 81. TWo independent voice 
coils 86 are used to position objective lens 84 and Zoom 
telescope 85, With the Zoom adjustment typically much less 
frequent. The diagram depicts the stators With a holloW 
(cut-out) region Which alloWs for transmission of the pro 
cessing beam through the system. The overall assembly 81 
can be adjusted With hold doWn magnets to compensate for 
static offsets (e.g. pitch, roll). 

[0121] Included With the Z-aXis optical assembly is a 
precision position sensing system 22,23 With signals derived 
from a digital to analog converter, for instance a 16 bit 
device. The trajectory planner, Which generates digital posi 
tion data used by the motion system, is operatively con 
nected to the DAC. The position sensor may be a capacitive 
feedback sensor Which are commonly used With precision 
loW inertia scanners (galvanometers) as described in Laser 
Beam Scanning, pp. 247-250, 1985, Marcel Dekker Inc. 
Other types of position sensors may also be used, for 
instance LVDTs (linear variable differential transformers) or 
precision linear encoders provided the requirements for loW 
noise, high stability, and reliability are met. 

[0122] In typical operation the preferred system has a 
range of travel of about 3 mm, a 3 db (small signal 
bandWidth) of about 250 HZ, and precision (repeatability) of 
about 46 nm (0.046 um). The 250 HZ bandWidth corresponds 
to a small signal rise time of about 1 msec. Improved results 
could potentially be achieved, for instance With a higher 
precision DAC. HoWever, it is advantageous to operate the 
system in the approXimate speci?ed range because servo 
performance is important, and operation at a much higher 
bandWidth and associated high frequency noise could intro 
duce performance limitations. As a threshold for perfor 
mance this unit produces a signi?cantly higher “speed 
accuracy product” than What can be provided With Z (Wafer) 
stage movement, and is Well adapted to folloW a planar 
surface trajectory With precision Within about one-tenth the 
tolerable DOF, With comparable X,y pointing stability. 

[0123] It should be noted that this precision optical system 
22-27 is also advantageous for obtaining the reference data, 
thereby eliminating any error in registration betWeen a 
“probe” beam and the “processing” beam 9. In the preferred 
embodiment a modulator 2, typically an acousto-optic 
device or Pockels cell, is used to produce a loW poWer beam 
for the focus measurements at the reference locations using 
the “depth of focus” procedure earlier described. 

[0124] Relative Motion and Pro?les 

[0125] When the three-dimensional coordinates of the 
laser beam and links to be processed are determined, a 
motion control program utiliZes a trajectory generator 12 to 
ef?ciently process the target structures. Referring to FIGS. 
10a and 10b, in a preferred system the acceleration and 
velocity pro?les are associated With the folloWing “motion 
segment” types: 

[0126] 1. PVT (Position/Velocity/Time) segment 
110. It is used to accelerate to a desired position and 
velocity. The time required to traverse this segment 
is optional; if not speci?ed, the minimum time is 
computed. 
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[0127] 2. CVD (Constant-Velocity/Distance) seg 
ment 111. This type has only a single scalar speci 
?cation: path length of the segment. The beam is to 
move at constant velocity for the speci?ed distance. 
The velocity is that speci?ed by the endpoint of the 
previous segment. Process control is typically 
executed during a CVD segment. 

[0128] 3. CVT (Constant-Velocity/Time) segment. 
This is the same as the CVD segment, but he 
segment’s duration is speci?ed rather than its length. 

[0129] 4. Stop Segment 113. This segment takes no 
speci?cations—it stops the stage as quickly as pos 
sible. 

[0130] “Blast” refers to ?ring of the laser pulse to sever the 
links 114. Furthermore, a “stop” segment terminates motion, 
preferably as fast as possible. Process control and link 
bloWing are most often associated With the constant velocity 
segment. 

[0131] In a preferred system acceleration and velocity 
pro?les are used to generate the X, y motion in cooperation 
With a DSP based servo controller 16. The lens translations 
along the optical aXis are coordinated With the X, y motion 
so that the beam Waist Will be positioned at the target 
location When the laser is pulsed. Hence, With the present 
invention the Z coordinate of the beam Waist may be 
dynamically adjusted betWeen any tWo structures on the 
Wafer, including adjacent structures arranged in a roW (along 
X or Y direction) on a single die. The incremental Z-aXis 
resolution (smallest height difference) for link bloWing is 
preferably about 0.1 um, for eXample, With about 0.05 um at 
the limit. 

[0132] It should be noted that the reference surface may be 
offset by a ?Xed or variable level from the actual target (link) 
surface as a result of depositing layers (for instance an 
insulation layer) beloW the link (for instance). In a preferred 
system a parameter or variable Will be included Which Will 
offset the beam Waist position accordingly, either for a 
reference site or for the entire Wafer, depending upon the 
level of layer thickness control. 

[0133] Generating the Laser Pulse 

[0134] The laser-processing beam is typically provided by 
a Q-sWitched YAG laser having a pre-determined pulse 
Width, repetition rate, and Wavelength as disclosed in US. 
Pat. No. 5,998,759. Alternatively, a ?ber laser using a 
semiconductor diode seed laser and a ?ber laser may be used 
to provide improved control over the temporal pulse shape, 
thereby alloWing for processing of smaller links With less 
risk of damage to surrounding structures as described in 
co-pending application Ser. No. 09/473,926, ?led Dec. 28, 
1999. In either case a control signal 20 is supplied to the 
laser 1 Which generates a pulse in coordination With the 
continuous positioning of the Wafer and lens. Those skilled 
in the art Will recogniZe the coordination of the laser and 
motion Will most likely be compounded by instantaneous or 
cumulative position error. In a preferred embodiment a 
programmable ?ring delay is included that adjusts the pre 
viously “scheduled” laser pulses to compensate for such 
position errors. The time resolution of such correction is 
preferably 25 nanoseconds or less. Preferably, the complete 
error correction is de?ned by a “tracking vector” Which 
converts the total position error into a delay. This tracking 
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vector can be included With the transformation matrices 45 
Which are operatively connected to the controller for 
dynamically relating the coordinate systems of FIG. 5, for 
instance. 

CONCLUSION 

[0135] Aprimary advantage of the method and system of 
the present invention can be summariZed as a “speed 
resolution product” in 3 dimensions—Where the control 
system for the Wafer movement preferably provides con 
tinuous movement in 2 directions, and the high precision 
lens actuator provides smooth, continuous motion in the 
third dimension. 

[0136] The alignment time is also reduced by estimating a 
surface that is used to de?ne a trajectory. 

[0137] Those skilled in the art Will recogniZe various 
alternatives for trajectory planning, precision positioning of 
an optical system, and DSP based servo control techniques 
and other embodiments. HoWever, the scope of the invention 
is to be limited only by the folloWing claims. 

1-28. (canceled) 
29. A method of precisely positioning a Waist of a 

material-processing laser beam to dynamically-compensate 
for local variations in height of conductive links of a 
semiconductive memory located on a plurality of dies 
formed on a Wafer and spaced apart Within a laser-process 
ing site, the laser beam having a spot diameter, W(Z), 
variable along an optical aXis, and a minimum spot diameter, 
Wo, at a beam Waist location, the method comprising: 

controllably positioning the Waist of the laser beam along 
the optical aXis to dynamically adjust the beam Waist 
location betWeen ?rst and second links to be processed 
Within the site so that: a spot diameter, W(Z), at a 
processing location is no more than about 5% greater 
than a minimum beam Waist diameter over a total 
distance of about 1.5 microns or ?ner along the aXis, 
and at a rate fast enough so that throughput is not 
substantially effected by the step of controllably posi 
tioning. 

30. The method of claim 29 Wherein the step of control 
lably positioning is carried out at a rate fast enough so that 
a link processing speed Within the site Which is a function of 
pulse generation rate and Wafer velocity is not limited by the 
step of controllably positioning and Wherein the Wafer 
velocity is greater than about 50 mm/second. 

31. The method of claim 29, Wherein the step of control 
lably positioning is carried out at a rate corresponding to a 
bandWidth greater than 100 HZ. 

32. The method of claim 31, Wherein the rate corresponds 
to a bandWidth greater than 150 HZ. 

33. The method of claim 29, Wherein the minimum beam 
Waist diameter is about 1.7 microns or less. 

34. The method of claim 33, Wherein the minimum beam 
Waist diameter is about 1.4 microns or less. 

35. The method of claim 29, Wherein the step of control 
lably positioning is based on a sensed position of an optical 
element along the optical aXis. 

36. The method of claim 35, Wherein sensed position is 
provided by a capacitive sensor. 

37. The method of claim 29, Wherein the conductive links 
have a pitch less than about 3 um. 
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38. The method of claim 37, wherein the conductive links 
have a pitch less than about 2 um. 

39. The method of claim 29, Wherein the laser beam has 
a Wavelength of about 1.047 microns. 

40. The method of claim 29, Wherein the total distance 
along the optical aXis is about 1 micron or ?ner. 

41. The method of claim 29, Wherein the step of control 
lably positioning is Within about one-tenth of the total 
distance. 

42. The method of claim 30, Wherein the link processing 
speed corresponds to maXimum velocity of the Wafer in the 
range of about 50-150 mm/sec. 

43. The method of claim 29, Wherein the step of control 
lably positioning controls time to move the beam Waist 
betWeen the links to Within about 0.03 msec or less. 

44. A method for precisely positioning a Waist of a 
material-processing laser beam to dynamically compensate 
for local variations in height of spaced apart conductive 
links of a semiconductive memory Within a laser-processing 
site, the links lying on a surface Which is substantially 
orthogonal to an optical aXis, the method comprising: 

controllably positioning the Waist of the laser beam along 
the optical aXis to dynamically adjust the beam Waist 
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location betWeen ?rst and second links to be processed 
Within the site so that: a spot diameter W(Z) at a 
processing location is no more than about 5% greater 
than the minimum beam Waist diameter over a total 
distance of about 1.5 microns or ?ner along the aXis and 
at a rate fast enough so that throughput is not substan 
tially effected by the step of controllably positioning. 

45. A method of laser processing of conductive links of a 
semiconductive memory, the method comprising: 

planning a trajectory to position a laser beam Waist 
relative to the links to be processed; and 

controllably positioning the beam Waist along an optical 
aXis based on the trajectory to dynamically adjust the 
beam Waist location betWeen ?rst and second links to 
be processed so that: a spot diameter, W(Z), at a 
processing location is no more than about 5% greater 
than a minimum beam Waist diameter over a total 
distance of about 1.5 microns or ?ner along the aXis and 
at a rate fast enough so that throughput is not substan 
tially effected by the step of controllably positioning. 

* * * * * 


