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METHOD AND SYSTEM FOR ADAPTIVELY 
CONTROLLING A LASER-BASED MATERIAL 
PROCESSING PROCESS AND METHOD AND 

SYSTEM FOR QUALIFYING SAME 

CROSS-REFERENCE TO RELATED PATENTS 
AND PUBLISHED PATENT APPLICATIONS 

[0001] This application claims the bene?t of US. provi 
sional patent application Ser. No. 60/810,964 ?led Jun. 5, 
2006. 

[0002] Except Where indicated, the following patents and 
patent applications are assigned to the assignee of the 
present invention and are hereby incorporated by reference 
in their entirety herein: US. Pat. No. 6,972,268 (the ’268 
patent); US. Pat. No. 6,949,844 (the ’844 patent); US. Pat. 
No. 6,911,622 (the ’622 patent); US. Pat. No. 6,878,899 
(the ’899 patent); US. Pat. No. 6,727,458 (the ’458 patent); 
US. Pat. No. 6,573,473 (the ’473 patent); published PCT 
Application No. WO 2004/ 114192 (the ’4192 publication); 
published US. Patent Publication No. 2005/0150880 (the 
’0880 publication); and US. Pat. No. 6,987,786 (the ’786 
patent). 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The present invention relates to a method and 
system for adaptively controlling a laser-based material 
processing process and method and system for qualifying 
same. 

[0005] The present description generally relates to laser 
based repair of semiconductive substrates and process con 
trol thereof. 

[0006] 2. BackgroundArt 

[0007] Laser-based repair machines improve yield of vari 
ous semiconductor processes. Repair machines may also be 
interfaced With electrical or visual test equipment. Test 
equipment outputs are used to control the repair process. 

[0008] For example, an early laser-based IC mask repair 
method and system is disclosed in US. Pat. No. 4,727,234 
(the ’234 patent). 

[0009] Published US. Patent Publication No. 2005/ 
0282299 (the ’2299 publication) entitled “Wafer Inspection 
System And Method Thereof’ exempli?es increased “in 
line” automation of a semiconductor fabrication process 
during a “pre-laser” process. Various defects are automati 
cally detected and sorted using various algorithms. FIG. 1 
herein (corresponding to FIG. 1 of the ’2299 publication) is 
a block diagram of a Wafer inspection system according to 
an embodiment of the ’2299 publication. As shoWn, the 
system may comprise an electrical testing subsystem 10, a 
defect detecting subsystem 20, a defect sorting subsystem 
30, and a defective determining subsystem 40. The electrical 
testing subsystem 10 can control a probe to be in contact 
With a pad of a die after loading a die-mounted Wafer 
thereon, and can perform a predetermined electrical test 
process. Here, the electrical test process may include a 
bum-in process to test the durability of the die, a pre-laser 
process to supply an electrical current to the die to check a 
defective die according to an operation state, and a laser 
repair process to scan and repair the defective die With a 
laser, etc. 
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[0010] Memory repair is an example of a valuable manu 
facturing process used to improve the yield of memory 
chips. By Way of example, general information on link 
bloWing is available in LIA HANDBOOK OF LASER 
MATERIALS PROCESSING, Chapter 19, pp. 595-615, 
“Link/Cutting Making,” Ed. in Chief Ready, Laser Institute 
of America, 2001. As indicated on page 595, individual 
links, identi?ed by Automatic Test Equipment (ATE), are cut 
With a focused laser. 

[0011] Japanese patent publication JP1083390 discloses a 
laser beam machine for cutting fuses and including a detec 
tor for measuring light re?ected from a cut fuse. 

[0012] US. Pat. No. 5,555,495 discloses adaptive control 
of a system With a human in the loop. 

[0013] Prior repair systems include manual inspection. 
The information for inspection is typically obtained from a 
microscope system or SEM. The inspection equipment may 
include a computer and display. HoWever, intermittent 
checks limit yield. 

[0014] Therefore, present memory repair and other laser 
based repair machines (1) rely upon the ATE to provide all 
defect information and (2) do not include closed loop control 
of the repair process. 

SUMMARY OF THE INVENTION 

[0015] There is a need for an improved laser-based repair 
system to increase yield of various semiconductor manufac 
turing processes. 

[0016] It is desirable to eliminate unnecessary test steps in 
device fabrication. 

[0017] At least some closed loop feedback control of a 
laser repair process is desirable to detect conditions and 
initiate appropriate actions. 

[0018] In one aspect, a laser-based repair system to repair 
semiconductive substrates is disclosed. The system includes 
a processor and controller for at least semi-automatic control 
of the repair system based on a sensed condition. 

[0019] In another aspect, a laser-based repair system is 
disclosed. The system includes laser processing equipment 
to repair at least a portion of a semiconductive Workpiece 
With one or more focused laser pulses; at least one sensor 

responsive to a physical stimulus, the sensor response pro 
viding information representative of a condition of at least 
one of the laser-based repair equipment and the semicon 
ductive Workpiece; a processor to process the information, 
and a controller that initiates an action based on the infor 
mation. 

[0020] Aprocess control method is disclosed for use in the 
laser-based repair system. 

[0021] In carrying out one feature of the present invention, 
a method for adaptively controlling a laser-based material 
processing process is provided. The method includes auto 
matically sensing a process variable or condition of at least 
one of a laser-based material processing system and a 
Workpiece processed by the system and providing a corre 
sponding measurement signal. The method also includes 
processing the measurement signal to obtain a processed 
signal Which initiates, at least semi-automatically, an action 
associated With at least one of the system and the Workpiece. 
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[0022] The method may be an adaptive control method for 
human operator-in-the-loop systems and the processed sig 
nal may semi-automatically initiate the action. 

[0023] The workpiece may include a semiconductive sub 
strate and the step of sensing may sense at least one defect 
of the substrate. 

[0024] The step of sensing may be performed optically. 

[0025] The action may be control of laser pulse energy 
delivered to a target structure on the Workpiece. 

[0026] The material processing system may deliver at least 
one focused laser pulse to the Workpiece and the step of 
sensing may measure at least one of average laser poWer, 
peak pulse poWer, pulse Width, spot diameter, spot shape, 
spot centering, focus and Wavelength. 

[0027] The action may direct or otherWise affect laser 
repair operations. 

[0028] The step of sensing may include the step of imag 
ing the Workpiece at a plurality of different magni?cations 
and the step of sensing may sense a condition of the 
Workpiece at each of the plurality of different magni?cations 
to provide corresponding measurement signals. 

[0029] The material processing system may be a laser 
based memory repair system. The Workpiece may include 
links to be cut by the system and the step of sensing may 
include the step of obtaining images of the cut links at 
various locations and the step of processing may process the 
images to perform at least one of the folloWing: verify that 
correct links Were cut, determine cut quality and alloW a 
human operator of the system to classify and quantify cut 
quality. 

[0030] The step of sensing may be performed With an AOI 
subsystem to obtain image data and the method may further 
include the steps of receiving reference image data and 
comparing the reference image data With the image data 
obtained With the A01 subsystem to classify defects of the 
Workpiece. 

[0031] The action may be an automatic adjustment of at 
least one of a temporal characteristic and a spatial charac 
teristic of a laser pulse generated by the material processing 
system. 

[0032] The method may further include receiving a human 
operator-generated input and processing the input. The pro 
cessed input and the measurement signal may be processed 
to obtain the processed signal to thereby semi-automatically 
initiate the action. 

[0033] The method may still further include receiving a 
machine-generated input and processing the input. The 
processed input and the measurement signal may be pro 
cessed to obtain the processed signal to thereby automati 
cally initiate the action. 

[0034] The step of processing may include the steps of 
processing the measurement signal to obtain data and input 
ting the data into a pattern recognition subsystem. 

[0035] The pattern recognition subsystem may be a train 
able neural netWork. 

[0036] The step of sensing may include measuring laser 
to-link alignment With a vision subsystem to detect a sys 
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tematic alignment error or change in the alignment and the 
action may include halting laser material processing if the 
error or change exceeds a predetermined value. 

[0037] The action may include execution of a diagnostic 
program to detect the source of the alignment error or 
change. 

[0038] Still further in carrying out one feature of the 
present invention, a control system for adaptively control 
ling a laser-based material processing process is provided. 
The system includes sensing equipment to measure a pro 
cess variable or condition of at least one of a laser-based 

material processing system and a Workpiece processed by 
the material processing system and to provide a correspond 
ing measurement signal. The control system also includes a 
signal processor for processing the measurement signal to 
obtain a processed signal Which initiates, at least semi 
automatically, an action associated With at least one of the 
material processing system and the Workpiece. 

[0039] The control system may be a human-in-the-loop 
system and the processed signal may semi-automatically 
initiate the action. 

[0040] The Workpiece may include a semiconductive sub 
strate and the sensing equipment may sense at least one 
defect of the substrate. 

[0041] The sensing equipment may include optical sens 
ing equipment. 

[0042] The action may be control of laser pulse energy 
delivered to a target structure on the Workpiece. 

[0043] The material processing system may deliver at least 
one focused laser pulse to the Workpiece and the sensing 
equipment may measure at least one of average laser poWer, 
peak pulse poWer, pulse Width, spot diameter, spot shape, 
spot centering, focus and Wavelength. 

[0044] The action may direct or otherWise affect laser 
repair operations. 

[0045] The sensing equipment may include an imager for 
imaging the Workpiece at a plurality of different magni?ca 
tions and the sensing equipment may measure a condition of 
the Workpiece at each of the plurality of different magni? 
cations to provide corresponding measurement signals. 

[0046] The material processing system may be a laser 
based memory repair system. The Workpiece may include 
links to be cut by the system and the sensing equipment may 
obtain images of the cut links at various locations and the 
signal processor may process the images to perform at least 
one of the folloWing: verify that correct links Were cut, 
determine cut quality and alloW an operator of the repair 
system to classify and quantify cut quality. 

[0047] The sensing equipment may include an AOI sub 
system to obtain image data and the control system may 
further include a mechanism for receiving reference image 
data and a mechanism for comparing the reference image 
data With the image data obtained With the A01 subsystem 
to classify defects of the Workpiece. 

[0048] The action may be an automatic adjustment of at 
least one of a temporal characteristic and a spatial charac 
teristic of a laser pulse generated by the material processing 
system. 
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[0049] The control system may further include a user 
interface for receiving a human operator- generated input and 
a processor for processing the input. The processed input 
and the measurement signal may be processed to obtain the 
processed signal to thereby semi-automatically initiate the 
action. 

[0050] The control system may still further include a 
mechanism for receiving a machine-generated input and a 
processor for processing the input. The processed input and 
the measurement signal may be processed to obtain the 
processed signal to thereby automatically initiate the action. 

[0051] The signal processor may process the measurement 
signal to obtain data and the control system may include a 
pattern recognition subsystem Which receives the data. 

[0052] The pattern recognition subsystem may be a train 
able neural netWork. 

[0053] The sensing equipment may include a vision sub 
system for measuring laser-to-link alignment to detect a 
systematic alignment error or change in the alignment and 
the action may include halting laser material processing if 
the error or change exceeds a predetermined value. 

[0054] The action may include execution of a diagnostic 
program to detect the source of the alignment error or 
change. 

[0055] Still further in carrying out one feature of the 
present invention, a method for at least semi-automatically 
qualifying a laser-based material processing process is pro 
vided. The method includes using a laser-based material 
processing system to deliver laser energy to locations on or 
adjacent a plurality of microstructures formed on a Work 
piece to at least partially process the microstructures. The 
method further includes automatically sensing a process 
variable or condition of at least one of the system and the at 
least partially processed microstructures and areas of the 
Workpiece adjacent the at least partially processed micro 
structures and providing corresponding measurement sig 
nals. The method also includes processing the measurement 
signals to obtain a processed signal Which, at least semi 
automatically, initiates quali?cation of the process. 

[0056] The material processing system may include a 
laser-based link cutting system. The microstructures may 
include a plurality of links having a pitch and the processed 
signal may represent effective spot siZe of the laser energy 
at the locations. 

[0057] The Workpiece may be a test Workpiece. 

[0058] The step of sensing may be performed optically. 

[0059] The step of sensing may be performed With an AOI 
subsystem to obtain image data. 

[0060] The laser energy may be delivered in the form of 
laser pulses and the processed signal may initiate, at least 
semi-automatically, adjusting at least one of temporal and 
spacial characteristic of the laser pulses. 

[0061] The laser energy may be delivered in the form of 
focused laser pulses and the processed signal may initiate, at 
least semi-automatically, adjusting at least one of average 
laser poWer, peak pulse poWer, pulse Width, spot-diameter, 
spot shape, spot centering, focus and Wavelength. 
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[0062] The method may further include receiving a human 
operator-generated input and processing the input. The pro 
cessed input and the measurement signals may be processed 
to obtain the processed signal to thereby semi-automatically 
initiate quali?cation of the process. 

[0063] The method may further include receiving a 
machine-generated input and processing the input. The 
processed input and the measurement signals may be pro 
cessed to obtain the processed signal to thereby automati 
cally initiate quali?cation of the process. 

[0064] The method may be an adaptive qualifying method 
for a human operator-in-the-loop system and the processed 
signal may semi-automatically initiate quali?cation of the 
process. 

[0065] Yet still further in carrying out one feature of the 
present invention. a system for at least semi-automatically 
qualifying a laser-based material processing system Which 
delivers laser energy to locations on or adjacent a plurality 
of microstructures formed on a Workpiece to at least par 
tially process the microstructures is provided. The qualify 
ing system includes sensing equipment to measure a process 
variable or condition of at least one of the material process 
ing system and the at least partially processed microstruc 
tures and areas of the Workpiece adjacent the at least 
partially processed microstructures and to provide corre 
sponding measurement signals. The system also includes a 
signal processor for processing the measurement signals to 
obtain a processed signal Which quali?es, at least semi 
automatically, the material processing system. 

[0066] The material processing system may include a 
laser-based link cutting system and the microstructures may 
include a plurality of links having a pitch. 

[0067] The Workpiece may be a test Workpiece. 

[0068] The sensing equipment may include optical sens 
ing equipment. 

[0069] The sensing equipment may include an AOI sub 
system to obtain image data. 

[0070] The laser energy may be delivered in the form of 
laser pulses and the processed signal may initiate, at least 
semi-automatically, adjusting at least one of temporal and 
spacial characteristic of the laser pulses. 

[0071] The laser energy may be delivered in the form of 
focused laser pulses and the processed signal may initiate, at 
least semi-automatically, adjusting at least one of average 
laser poWer, peak pulse poWer, pulse Width, spot-diameter, 
spot shape, spot centering, focus and Wavelength. 

[0072] The qualifying system may further include a user 
interface for receiving a human operator-generated input, 
and a processor for processing the input. The processed 
input and the measurement signals may be processed to 
obtain the processed signal to thereby semi-automatically 
initiate quali?cation of the material processing system. 

[0073] The qualifying system may further include a 
mechanism for receiving a machine-generated input, and a 
processor for processing the input. The processed input and 
the measurement signals may be processed to obtain the 
processed signal to thereby automatically initiate quali?ca 
tion of the material processing system. 
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[0074] The qualifying system may be a human operator 
in-the-loop system and the processed signal may semi 
automatically initiate quali?cation of the material process 
ing system. 

[0075] The above features and advantages are readily 
apparent from the following detailed description of the best 
mode When taken in connection With the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0076] FIG. 1, incorporated from the ’2299 publication, is 
a schematic block diagram of a Wafer inspection system; 

[0077] FIG. 2 is a schematic block diagram Which shoWs 
one general embodiment of the present invention; 

[0078] FIG. 3 is a schematic block diagram Which shoWs 
some elements of one embodiment of the present invention; 

[0079] FIG. 4 is a schematic block diagram Which shoWs 
a speci?c embodiment of the present invention directed to 
automatic optical inspection (AOI); 

[0080] FIG. 5 is a schematic diagram, partially in block 
diagram form, Which illustrates some of the most critical 
defects of memory repair; 

[0081] FIG. 6, adapted from the LIA HANDBOOK OF 
LASER MATERIALS PROCESSING, illustrates the steps 
of a “vemier run” to determine an effective spot siZe for 
processing an exemplary Wafer; 

[0082] FIG. 7 is an exemplary graph of energy process 
WindoW (in micro-joules) versus pulse Width Which shoWs 
the dependence of the energy process WindoW on laser pulse 
Width for copper links; the energy process WindoW (in 
micro-joules) here is the range of the laser pulse energies 
betWeen the minimum energy needed for severing the links 
and the maximum energy at Which a dark spot is observed 
under the links; 

[0083] FIG. 8 is an exemplary graph of positioning accu 
racy half WindoW (in microns) versus pulse energy (in 
micro-joules) Which shoWs accuracy WindoW With a 4 
micron spot on copper links; this graph indicates the varia 
tion in maximum pulse energy that can be applied to the link 
as a function of spot position relative to the center of the 
link, Without causing the optically observed damage; the 
half WindoW here represents the maximum spot position 
deviation from the center of the link achieved at each laser 
pulse energy Without observing optical damage; and 

[0084] FIG. 9 is an exemplary graph of energy process 
WindoW (in micro-joules) versus beam siZe (in microns) 
Which shoWs the process WindoW as a function of spot siZe 
on copper links; the energy process WindoW (in micro 
joules) here is the range of the laser pulse energies betWeen 
the minimum energy needed for severing the links and the 
maximum energy at Which a dark spot is observed under the 
links. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT(S) 

[0085] Unless otherWise stated the phrase “semiconduc 
tive Workpiece” or terms “Workpiece” or “substrate” are to 
be non-limiting, and are to be construed as a Workpiece 
having a semiconductor material. By Way of example, a 
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Workpiece may be a semiconductor Wafer With a plurality of 
die thereon, and may generally include multi-material 
devices. Memory circuits fabricated on silicon substrates are 
one example, and are generally constructed as a series of 
layers on a silicon Wafer as taught in LIA HANDBOOK 
(referenced above), US. Pat. Nos. 5,936,296; 6,320,243; 
and 6,518,140, and numerous other patents and publications. 
The Workpiece may be an entire substrate (e.g., 200 mm 
diameter Wafer) With a large number of die, singulated die or 
devices, device portions, or other variations of semiconduc 
tor devices or chips Which may repaired With a laser. 

[0086] FIG. 2 shoWs some elements of a general embodi 
ment of the present invention. The laser-based repair system 
200 generally includes laser processing equipment, sensing 
equipment, a data or signal processor 223, a controller 221, 
and a user interface. By Way of example, the laser-based 
repair equipment may be commercially available mask, 
memory, or other repair systems, or a sub-system thereof. In 
some embodiments the repair system Will include a multi 
axis substrate positioning equipment 260 and/or other equip 
ment to position a Workpiece 250 relative to a laser beam, or 
relative to other components of the repair system. 

[0087] One or more sensors of the example embodiment in 
FIG. 2 is contained Within a beam box 205, for example 
photodetectors, imaging arrays, thermal detectors etc. Other 
sensing equipment may also be disposed external to the 
beam box 205. For example, position/velocity sensors may 
provide information related to a condition or process vari 
able of the Workpiece positioner 260. Control signals may be 
provided to the Workpiece positioner 260 from the controller 
221. 

[0088] The sensing equipment may include multiple sen 
sors and associated information channels operatively con 
nected to the process controller. Sensing devices detect 
various stimuliifor example: heat, radiant energy including 
light or other electro-magnetic radiation, electron emissions, 
electromagnetic ?elds, pressure, or motion. An arbitrary 
number of sensors may be used to monitor the laser-repair 
machine, Workpiece conditions during the laser repair pro 
cess, and/or for incoming Workpiece defect detection (Which 
may supplement or replace other ATE). 

[0089] The processor 223 provides for at least semi 
automatic processing of information and/or signals obtained 
from sensing equipment. 

[0090] The controller 221 may generate control signals 
based on a detected condition. The control signals may 
direct or otherWise affect laser repair operations: for instance 
halting repair, causing execution of at least one of a cali 
bration, diagnostic and measurement programs, etc. 

[0091] At least one ofthe processor 223 and controller 221 
Will also preferably be operatively connected to an interac 
tive user interface. Inputs may be provided through the use 
of the interface. In addition to conventional user commands 
to control repair operation, the inputs may be control pro 
grams, defect detection algorithms, or automatic program 
ming systems. Suitable neural netWork, expert system, and 
statistical process control tools may generally be adapted 
and integrated Within the processor or controller to analyZe 
the sensor data used for monitoring and controlling the 
repair process. Advances in “knoWledge engineering,” fur 
ther developments of embedded systems, and decreased 
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hardware size and cost Will provide for increasing automa 
tion. For instance, some bene?ts of neural networks are 
summarized as follows: 

[0092] Reduced maintenance costs and minimiZed 
chances of catastrophic failures through early detection 
and trend analysis; 

[0093] Signi?cant reduction in data analysis tasks/time; 

[0094] Solves difficult process problems that cannot be 
solved quickly or accurately With conventional meth 
ods; and 

[0095] Robust, accurate and operate in real-time. 

0096 Pertinent a lications include: PP 

[0097] Performing computer-chip manufacturing qual 
ity control; 

[0098] Predicting product quality; 
[0099] Maintaining product quality speci?cations; and 

[0100] Performing defect classi?cations. 

[0101] FIG. 3 shoWs some elements ofa speci?c embodi 
ment of the present invention, speci?cally directed to laser 
based memory repair. Laser processing equipment 301 
includes at least a laser source and a beam delivery system. 

[0102] A beam box 305 generally includes a suitable 
pulsed laser source (not shoWn), for instance q-sWitched, 
mode locked, or gain sWitched source(s). 

[0103] The beam delivery system 307 delivers laser 
energy to pre-determined repair sites on the Wafer during 
three-dimensional motion of the Workpiece 250 (e.g., a 
Wafer having repair sites) relative to the beam box 305. 

[0104] By Way of example, the ’268, ’622, ’899, ’458 and 
’786 patents, and the ’0880 publication are referenced for 
teachings of laser pulse generation, control of pulse char 
acteristics, methods and systems for beam delivery, and 
general laser-repair system operation. By Way of example, 
speci?c reference is made to FIGS. 2-10 and the correspond 
ing text of the ’473 patent for details of a system for 
precisely positioning a beam Waist relative to a link in 
three-dimensions. In an application of memory repair, a 
preferred system for precision X-Y positioning is generally 
described in the ’844 patent. Speci?c reference is made to 
FIGS. 1-12 and the corresponding text therein. 

[0105] The commercially available M455 memory repair 
system produced by the assignee of the present invention 
generally incorporates a pulsed laser system, beam delivery, 
and the beam positioning technology noted above. The 
system demonstrated capability of repair (bloWing links) of 
state-of-the art memory devices having l-l.5 micron link 
pitch. The dimensions of a link are typically ?ner than 1 
micron in Width and depth. The laser positioning relative to 
a link is speci?ed as 0.15 microns at 3*sigma. A short pulse, 
frequency doubled NdYVO4 laser Was used to process some 
links With a focused spot siZe of about 0.7 pm. 

[0106] Laser repair equipment utiliZed With other repair 
system architectures may be used When practicing embodi 
ments of the present invention. 

[0107] Again referring to the embodiment of FIG. 3, 
sensing equipment Will generally include one or more sen 
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sors 311 to detect a substrate condition. Sensing equipment 
used to detect substrate conditions is preferably integrated 
into the beam box 305. HoWever, all or part of the sensing 
sub-system may be disjoint from the beam box 305 and 
con?gured as one or more separate sensor stations With 
communication to the processor 223 and the controller 221. 

[0108] One or more sensors in the beam box 305 may 
share a common path With a laser. For example, measuring 
thickness variations of a layer or other material may be of 
interest for process control. One method and system for 
measurement of thickness and layer re?ectivity is disclosed 
in FIGS. 11-13 and the corresponding text of the ’268 patent. 
Precise control of the pulse energy delivered to a target 
structure is based on thickness measurement. The pulsed 
laser source and auxiliary laser diode shoWn therein share a 
common path. Other thickness measurement probes are also 
commercially available. Further, commercially available 
White light or laser-based interferometers may be used for 
measuring surface quality or defect detection. Atomic Force 
Microscopes (AFMs) and scanning electron microscopes 
(SEMs) are other tools Which may be generally useful for 
monitoring the condition of the semiconductive substrate, 
although AFMs and SEMs are primarily suited for sampling. 
Although limited in resolution, other sensors are desirable 
for statistically signi?cant sampling or 100% inspection. 

[0109] In addition to semiconductive substrate monitoring 
With one or more sensors, at least one sensor 311a may be 
disposed Within the beam box 305 for monitoring a condi 
tion of the laser processing equipment or sensing equipment. 
By Way of example, the beam box may also include at least 
one photodetector for the monitoring of laser parameters, for 
instance position sensitive detectors. One or more such 
sensors may be used to monitor and/or measure average 

laser poWer, peak pulse poWer, pulse Width, spot diameter, 
spot shape, spot centering, focus, and Wavelength. 
[0110] The ’4l92 publication teaches hoW one or more 
conditions of a laser processing machine may be monitored 
and controlled through the use of a graphical user interface. 
The Workpiece may be vieWed during a laser processing 
operation through the use of a graphical user interface 
(GUI). The principles may readily be adapted to monitor 
time series or other non-image data. Data from a processor 
32 (as shoWn in the ’4l92 publication) may be transmitted 
as raW or processed data to a location or over the intemet for 

remote diagnostics. Third party application programs may 
be integrated. 
[0111] Preferably, data related to conditions or process 
variables of the substrate or the laser processing equipment 
Will be displayed through a graphical user interface (GUI), 
and the data may be transmitted outside the semiconductor 
station (e.g., “in plant”, outside the clean room) or to remote 
users via the intemet. Further, such users may provide inputs 
or programs to the processor 223 or the controller 221. 

[0112] By Way of example, FIG. 4 generally shoWs an 
inspection system, referred to as “automatic optical inspec 
tion” (“AOI”). In one embodiment the combination may 
include an “automatic optical inspection” (AOI) system or 
subsystem. The system may also be con?gured as “semi 
automatic” With some level of operator intervention. Semi 
automatic inspection is useful for providing much more 
information than available With infrequent manual checks, 
and for obtaining data Which may be used to “train” a system 
for AOI. 
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[0113] In the exemplary embodiment of FIG. 4, the AOI 
sensor subsystem 413 (for instance a high resolution color 
imaging system) is to be used for automatic optical inspec 
tion. The subsystem includes a high resolution optical sys 
tem and an electronic imager, such as a high resolution 
digital camera that produces and transmits digital imagery at 
video rates. Flexible illuminator 415 may be bright?eld, 
dark?eld, or any combination thereof. By Way of example, 
the inspection lens may provide magni?cation of 25><-l50>< 
for imaging Workpiece defects. The lens system may be 
arranged on a motoriZed turret for vieWing defects at dif 
ferent scale, coarse magni?cation for defect detection, and 
?ne magni?cation for detailed analysis. Focusing, selection 
of the magni?cation, and data analysis may be knoWledge 
based and guided by a controller 321. 

[0114] In a preferred embodiment, processor 323 Will 
execute algorithms for automatic recognition of substrate 
defects. Additionally, tracking and monitoring of laser repair 
system performance parameters is useful. Similarly, detec 
tion of defects of the substrate and loW level image process 
ing operations may be carried out With programs using an 
embedded processor Within the beam box 305. 

[0115] Such defects may, in some instances, be systematic 
(as opposed to random) defects caused by malfunction or 
drift of the laser repair equipment. Other defects may be 
random defects not detected in earlier test procedures, for 
example a defect not detected in electrical test. Numerous 
algorithms for detection of Wafer defects have been devel 
oped over the years for sub-micron defects at the nanometer 
scale as exempli?ed by patents to KLA Tencor. By Way of 
example, FIG. 1, from the ’2299 publication, shoWs an 
example of an AOI system closely tied to electrical tests and 
associated defects (some Which resulted from electrical test). 

[0116] Optical inspection processing tools may include 
commercially available softWare tools, preferably With 
“learning” capability. In one of more embodiments, com 
mercially available tools from Cognex Inc. (http://WWW.cog 
nex.com/) or Halcon (http://WWW.mvtec.com/products/) 
may be used. 

[0117] Exemplary and non-limiting applications of anAOI 
or semi-automatic system for improving the performance of 
laser-based memory repair machines include: 

[0118] Obtaining images of links at various cut loca 
tions, and verifying correct links Were cut; 

[0119] Template matching or other pattern recognition 
algorithms to determine cut quality; and 

[0120] Interactive tools to initially alloW operator to 
classify and quantify cut quality, and “machine leam 
ing” of the results for higher degree of machine rec 
ognition. 

[0121] FIG. 5 schematically illustrates some of the most 
critical defects of memory repair. The variations shoWn are 
representative of variations that are found in high magni? 
cation microscopic images of a link and surrounding area, 
for example grey scale variations. In one or more embodi 
ments, sample defects are provided for training the inspec 
tion system. An available template matching tool may be 
used to match reference images 501 With image data 
obtained With the AOI system. A match score or other metric 
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is used by the template matching algorithm to classify 
defects. The results may then utiliZed by the controller to 
initiate an action. 

[0122] Preferably, for each ?eld of vieW, a single grey 
scale image from one imaging device Will be suf?cient for 
discrimination of most defect types. HoWever, multiple 
images acquired under various illumination conditions (With 
a ?exible illuminator) and/ or With multiple sensors may also 
be used to implement the pattern recognition algorithms. 

[0123] With reference to FIG. 4, as an example, link pitch 
is approaching one micron, With fuse Widths of 0.2-6. 
micron. Early detection of system disturbances prevent 
systematic errors that result in systematic and repeated 
errors, and resulting scrap. For example, automatic veri? 
cation of laser-to-link alignment, or early detection of drift, 
can prevent marginal cut and a large number of device 
failures. 

[0124] Also, in accordance With at least one embodiment 
of the present invention, the AOI system or semi-automatic 
system may be used as a tool to qualify link processing for 
neW layouts, link structures, and materials. The qualifying 
process may include automatically adjusting at least one of 
a temporal and spatial characteristic of a laser pulse. Cor 
responding changes in process limits may be quanti?ed and 
reported using image data from AOI imaging equipment and 
analysis Within processor. 

[0125] Chapter 19 of LIA HANDBOOK OF LASER 
MATERIALS PROCESSING, entitled “Link Cutting/Mak 
ing,” describes some operations Which are typically per 
formed manually to qualify a system. For example, at least 
one of an energy study and, vernier run, or other process 
quali?cation operations, are typically performed With link 
bloWing systems. Obtaining test data may be tedious and 
time consuming. 

[0126] For example, the folloWing is a direct quotation 
from the LIA HANDBOOK: “Effective spot siZe changes 
With energy setting and may differ from the standard spot 
siZe (1/e2). A vernier run reveals the effective spot siZe for 
a speci?c poWer setting by blasting a series of evenly spaced 
links With a laser step siZe slightly larger than the link pitch. 
This is illustrated in FIG. 11” (i.e., FIG. 6 herein). “The pitch 
difference times the number of links affected by the laser 
equals the sum of the spot siZe and link Width. Because three 
of the four parameters are knoWn, the effective spot siZe may 
be obtained.” 

[0127] By Way of example, in a related application of link 
removal for laser trimming (adjustment of resistance) of a 
device, a vernier run Was executed. Positioning accuracy test 
results shoWn in FIG. 8 Were obtained by offsetting the 
center of the beam aWay from the center of the links (in this 
case copper and gold links arranged in a ladder netWork for 
laser adjustment of a circuit) and visually observing damage 
to each link. Each graph shoWs the observed damage energy 
threshold versus the position offset. Maximum energy values 
shoWn correspond to near-ideal, spot-to-link alignment. The 
energy process WindoW accounts for processing system 
positioning errors and is generally less than the maximum 
energies shoWn in FIG. 8. A “through the lens” imaging 
system Was used to acquire image data in the experiment. 

[0128] In an embodiment of the present invention a similar 
operation may be carried out using a control program to 
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precisely position a laser spot relative to link. An acousto 
optic modulator or other suitable laser poWer controller (not 
shown) in beam delivery system 307 controls the energy 
delivered to a link. The link may then be inspected visually 
using AOI or semi-automatic tools to aid an operator. The 
steps may be repeated for any number of links so as to obtain 
some con?dence level in the results. 

[0129] Referring to FIG. 4, a control program may issue 
commands from processor 320 to carry out the operation. 
The commands Will cause stage 260 to be automatically 
positioned so as to vieW links With an imaging system 413, 
separated from the processing laser in this case. The links 
may be vieWed before and after processing in any suitable 
sequence. 

[0130] In some embodiments the center of the link may be 
determined With respect to the laser spot center position With 
X, Y, Z accuracy of about 0.15 um or better using estimation 
methods that provide for sub-pixel accuracy. A process 
control monitoring tool (SPC) may be con?gured to provide 
a report, a graph similar to FIG. 8, and a measure of the 
corresponding energy WindoW. 

[0131] In at least one embodiment of the present invention 
the AOI or semi-automatic tool may be used on-site, or 
operated from a remote location through the use of a GUI, 
to carry out or assist in link and laser spot measurement and 
energy WindoW calculations. 

[0132] Hence, the optical inspection processing tools, 
preferably With “leaming” capability (as disclosed above) 
may be used to automate or provide signi?cant ease of use 
for the vemier runs. The system may utiliZe a through the 
lens illumination/viewing con?guration, a separate imaging 
system as shoWn in FIG. 4, or a combination. The overall 
value of at least semi-automated operation Will further 
increase With smaller spot siZes and ?ner link pitch Wherein 
the depth of focus is very shalloW and positioning tolerances 
are very stringent (e.g., 16 fold reduction in depth of focus 
When spot siZe is reduced from 4 um to l um, and sub 
micron spots may be used for link processing). 

[0133] Another frequently used quali?cation option is the 
energy run; the measurement of the process energy WindoW. 
The energy WindoW Will generally vary as a function of 
various laser characteristics. 

[0134] By Way of example, FIGS. 7 and 9 shoW the energy 
WindoW as a function of the pulse Width and spot diameter, 
respectively, Wherein each parameter Was varied separately. 
In a preferred system of the present invention both the spot 
siZe and pulse Width may be controlled by a control pro 
gram. The US. patents and publications incorporated by 
reference herein generally disclose exemplary methods and 
system for varying at least one of the laser spot siZe, spot 
distribution, pulse Width, pulse shape, energy, polarization, 
and other spatial or temporal characteristics. Speci?c refer 
ence is made to at least ’268, ’844, ’458, ’473 patents for 
further information. 

[0135] The upper and loW process limits can be deter 
mined and quanti?ed When links of FIG. 6 are irradiated 
With increasing energy, (preferably, after each link is irra 
diated With a pulse having energy monitored by at least one 
of the sensors 311). AOI and analysis 323 may be used to 
detect a change in the link and surrounding material (exam 
ining for defects similar to those in FIG. 5). 
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[0136] If desired, surface pro?lometers (SEM or AFM) 
may then be used to provide topographical maps of the 
structures With resolution in the nanometer range. 

[0137] In a preferred embodiment, a system of FIGS. 3-5 
Will include all features for process quali?cation. HoWever, 
a separate off-line system may be used to perform certain 
operations, and the off-line system may be remotely located. 
The information obtained from such an off-line system may 
be communicated to the processor 320 through the interface 
and utiliZed to affect processing of a Wafer. 

[0138] Altemately 3D optical pro?lometers such as the 
Micro Photonics Zoomsurf 3D (http://WWW.microphotonic 
s.com/ZoomSurf3D.htm) or the Zygo VieW 6000 Series 
Optical Pro?ling System (http://WWW.lambdaphoto.co.uk/ 
products/140.110) may provide adequate resolution for 
analysis in the memory repair system While not requiring 
contact or special environments and providing. The later 
system has its oWn automated 3D metrology softWare for 
analysis and feedback to the system. Other optical non 
contact systems may also evolve for a suitable in-system 
solution. 

[0139] The systems of FIGS. 3-5 may be con?gured to 
measure alignment targets, position a laser beam relative to 
links, verify the alignment, adjust any number of laser 
characteristics, obtain data, analyZe and report the data. A 
suitable combination of manual, semi-automatic, and auto 
matic operations may be utiliZed. 

[0140] Those skilled in the art Will recogniZe that various 
combinations of the exemplary embodiments herein may be 
utiliZed Without departing from the scope of the present 
invention. 

[0141] While embodiments of the invention have been 
illustrated and described, it is not intended that these 
embodiments illustrate and describe all possible forms of the 
invention. Rather, the Words used in the speci?cation are 
Words of description rather than limitation, and it is under 
stood that various changes may be made Without departing 
from the spirit and scope of the invention. 

What is claimed is: 
1. A method for adaptively controlling a laser-based 

material processing process, the method comprising: 

automatically sensing a process variable or condition of at 
least one of a laser-based material processing system 
and a Workpiece processed by the system and providing 
a corresponding measurement signal; and 

processing the measurement signal to obtain a processed 
signal Which initiates, at least semi-automatically, an 
action associated With at least one of the system and the 
Workpiece. 

2. The method as claimed in claim 1, Wherein the method 
is an adaptive control method for human operator-in-the 
loop systems and Wherein the processed signal semi-auto 
matically initiates the action. 

3. The method as claimed in claim 1, Wherein the Work 
piece includes a semiconductive substrate and Wherein the 
step of sensing senses at least one defect of the substrate. 

4. The method as claimed in claim 1, Wherein the step of 
sensing is performed optically. 
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5. The method as claimed in claim 1, wherein the action 
controls laser pulse energy delivered to a target structure on 
the Workpiece. 

6. The method as claimed in claim 1, Wherein the system 
delivers at least one focused laser pulse to the Workpiece and 
the step of sensing measures at least one of average laser 
poWer, peak pulse poWer, pulse Width, spot diameter, spot 
shape, spot centering, focus and Wavelength. 

7. The method as claimed in claim 1, Wherein the action 
directs or otherWise affects laser repair operations. 

8. The method as claimed in claim 1, Wherein the step of 
sensing includes the step of imaging the Workpiece at a 
plurality of different magni?cations and Wherein the step of 
sensing senses a condition of the Workpiece at each of the 
plurality of different magni?cations to provide correspond 
ing measurement signals. 

9. The method as claimed in claim 1, Wherein the system 
is a laser-based memory repair system, Wherein the Work 
piece includes links to be cut by the system and Wherein the 
step of sensing includes the step of obtaining images of the 
cut links at various locations and Wherein the step of 
processing processes the images to perform at least one of 
the folloWing: verify that correct links Were cut, determine 
cut quality and alloW a human operator of the system to 
classify and quantify cut quality. 

10. The method as claimed in claim 1, Wherein the step of 
sensing is performed With an AOI subsystem to obtain image 
data and Wherein the method further comprises the steps of: 
receiving reference image data and comparing the reference 
image data With the image data obtained With the A01 
subsystem to classify defects of the Workpiece. 

11. The method as claimed in claim 1, Wherein the action 
is automatic adjustment of at least one of a temporal 
characteristic and a spatial characteristic of a laser pulse 
generated by the system. 

12. The method as claimed in claim 1 further comprising: 
receiving a human operator-generated input and processing 
the input Wherein the processed input and the measurement 
signal are processed to obtain the processed signal to thereby 
semi-automatically initiate the action. 

13. The method as claimed in claim 1 further comprising: 
receiving a machine-generated input and processing the 
input Wherein the processed input and the measurement 
signal are processed to obtain the processed signal to thereby 
automatically initiate the action. 

14. The method as claimed in claim 1, Wherein the step of 
processing includes the steps of processing the measurement 
signal to obtain data and inputting the data into a pattern 
recognition subsystem. 

15. The method as claimed in claim 14, Wherein the 
pattern recognition subsystem is trainable and includes a 
neural netWork. 

16. The method of claim 1, Wherein the step of sensing 
includes measuring laser-to-link alignment With a vision 
subsystem to detect a systematic alignment error or change 
in the alignment and Wherein the action includes halting 
laser material processing if the error or change exceeds a 
predetermined value. 

17. The method of claim 16, Wherein the action includes 
execution of a diagnostic program to detect the source of the 
alignment error or change. 
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18. A control system for adaptively controlling a laser 
based material processing process, the system comprising: 

sensing equipment to measure a process variable or 
condition of at least one of a laser-based material 
process system and a Workpiece processed by the 
material processing system and to provide a corre 
sponding measurement signal; and 

a signal processor for processing the measurement signal 
to obtain a processed signal Which initiates, at least 
semi-automatically, an action associated With at least 
one of the material processing system and the Work 
piece. 

19. The control system as claimed in claim 18, Wherein 
the control system is a human-in-the-loop system and 
Wherein the processed signal semi-automatically initiates 
the action. 

20. The control system as claimed in claim 18, Wherein 
the Workpiece includes a semiconductive substrate and 
Wherein the sensing equipment senses at least one defect of 
the substrate. 

21. The control system as claimed in claim 18, Wherein 
the sensing equipment includes optical sensing equipment. 

22. The control system as claimed in claim 18, Wherein 
the action controls laser pulse energy delivered to a target 
structure on the Workpiece. 

23. The control system as claimed in claim 18, Wherein 
the material processing system delivers at least one focused 
laser pulse to the Workpiece and the sensing equipment 
measures at least one of average laser poWer, peak pulse 
poWer, pulse Width, spot diameter, spot shape, spot center 
ing, focus and Wavelength. 

24. The control system as claimed in claim 18, Wherein 
the action directs or otherWise affects laser repair operations. 

25. The control system as claimed in claim 18, Wherein 
the sensing equipment includes an imager for imaging the 
Workpiece at a plurality of different magni?cations and 
Wherein the sensing equipment measures a condition of the 
Workpiece at each of the plurality of different magni?cations 
to provide corresponding measurement signals. 

26. The control system as claimed in claim 18, Wherein 
the material processing system is a laser-based memory 
repair system, Wherein the Workpiece includes links to be cut 
by the system and Wherein the sensing equipment obtains 
images of the cut links at various locations and Wherein the 
signal processor processes the images to perform at least one 
of the folloWing: verify that correct links Were cut, deter 
mine cut quality and alloW an operator of the repair system 
to classify and quantify cut quality. 

27. The control system as claimed in claim 18, Wherein 
the sensing equipment includes an AOI subsystem to obtain 
image data and Wherein the control system further comprises 
means for receiving reference image data and means for 
comparing the reference image data With the image data 
obtained With the A01 subsystem to classify defects of the 
Workpiece. 

28. The control system as claimed in claim 18, Wherein 
the action is automatic adjustment of at least one of a 
temporal characteristic and a spatial characteristic of a laser 
pulse generated by the material processing system. 

29. The control system as claimed in claim 18 further 
comprising a user interface for receiving a human operator 
generated input and a processor for processing the input 
Wherein the processed input and the measurement signal are 
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processed to obtain the processed signal to thereby semi 
automatically initiate the action. 

30. The control system as claimed in claim 18 further 
comprising means for receiving a machine-generated input 
and a processor for processing the input Wherein the pro 
cessed input and the measurement signal are processed to 
obtain the processed signal to thereby automatically initiate 
the action. 

31. The control system as claimed in claim 18, Wherein 
the signal processor processes the measurement signal to 
obtain data and Wherein the control system includes a 
pattern recognition subsystem Which receives the data. 

32. The control system as claimed in claim 31, Wherein 
the pattern recognition subsystem is trainable and includes a 
neural netWork. 

33. The control system as claimed in claim 18, Wherein 
the sensing equipment includes a vision subsystem for 
measuring laser-to-link alignment to detect a systematic 
alignment error or change in the alignment and Wherein the 
action includes halting laser material processing if the error 
or change exceeds a predetermined value. 

34. The control system as claimed in claim 33, Wherein 
the action includes execution of a diagnostic program to 
detect the source of the alignment error or change. 

35. A method for at least semi-automatically qualifying a 
laser-based material processing process, the method com 
prising: 

using a laser-based material processing system to deliver 
laser energy to locations on or adjacent a plurality of 
microstructures formed on a Workpiece to at least 
partially process the microstructures; 

automatically sensing a process variable or condition of at 
least one of the system and the at least partially 
processed microstructures and areas of the Workpiece 
adjacent the at least partially processed microstructures 
and providing corresponding measurement signals; and 

processing the measurement signals to obtain a processed 
signal Which, at least semi-automatically, initiates 
quali?cation of the process. 

36. The method as claimed in claim 35, Wherein the 
system comprises a laser-based link cutting system, Wherein 
the microstructures include a plurality of links having a pitch 
and Wherein the processed signal represents effective spot 
siZe of the laser energy at the locations. 

37. The method as claimed in claim 35, Wherein the 
Workpiece is a test Workpiece. 

38. The method as claimed in claim 35, Wherein the step 
of sensing is performed optically. 

39. The method as claimed in claim 35, Wherein the step 
of sensing is performed With an AOI subsystem to obtain 
image data. 

40. The method as claimed in claim 35, Wherein the laser 
energy is delivered in the form of laser pulses and Wherein 
the processed signal initiates, at least semi-automatically, 
adjusting at least one of temporal and spacial characteristic 
of the laser pulses. 

41. The method as claimed in claim 35, Wherein the laser 
energy is delivered in the form of focused laser pulses and 
Wherein the processed signal initiates, at least semi-auto 
matically, adjusting at least one of average laser poWer, peak 
pulse poWer, pulse Width, spot-diameter, spot shape, spot 
centering, focus and Wavelength. 
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42. The method as claimed in claim 35 further compris 
ing: receiving a human operator-generated input and pro 
cessing the input Wherein the processed input and the 
measurement signals are processed to obtain the processed 
signal to thereby semi-automatically initiate quali?cation of 
the process. 

43. The method as claimed in claim 35 further compris 
ing: receiving a machine-generated input and processing the 
input Wherein the processed input and the measurement 
signals are processed to obtain the processed signal to 
thereby automatically initiate quali?cation of the process. 

44. The method as claimed in claim 35, Wherein the 
method is an adaptive qualifying method for a human 
operator-in-the-loop system and Wherein the processed sig 
nal semi-automatically initiates quali?cation of the process. 

45. A system for at least semi-automatically qualifying a 
laser-based material processing system Which delivers laser 
energy to locations on or adjacent a plurality of microstruc 
tures formed on a Workpiece to at least partially process the 
microstructures, the qualifying system comprising: 

sensing equipment to measure a process variable or 
condition of at least one of the material processing 
system and the at least partially processed microstruc 
tures and areas of the Workpiece adjacent the at least 
partially processed microstructures and to provide cor 
responding measurement signals; and 

a signal processor for processing the measurement signals 
to obtain a processed signal Which quali?es, at least 
semi-automatically, the material processing system. 

46. The qualifying system as claimed in claim 45, Wherein 
the material processing system comprises a laser-based link 
cutting system and Wherein the microstructures include a 
plurality of links having a pitch. 

47. The qualifying system as claimed in claim 45, Wherein 
the Workpiece is a test Workpiece. 

48. The qualifying system as claimed in claim 45, Wherein 
the sensing equipment includes optical sensing equipment. 

49. The qualifying system as claimed in claim 45, Wherein 
the sensing equipment includes an AOI subsystem to obtain 
image data. 

50. The qualifying system as claimed in claim 45, Wherein 
the laser energy is delivered in the form of laser pulses and 
Wherein the processed signal initiates, at least semi-auto 
matically, adjusting at least one of temporal and spacial 
characteristic of the laser pulses. 

51. The qualifying system as claimed in claim 45, Wherein 
the laser energy is delivered in the form of focused laser 
pulses and Wherein the processed signal initiates, at least 
semi-automatically, adjusting at least one of average laser 
poWer, peak pulse poWer, pulse Width, spot-diameter, spot 
shape, spot centering, focus and Wavelength. 

52. The qualifying system as claimed in claim 45 further 
comprising: 

a user interface for receiving a human operator-generated 
input; and 

a processor for processing the input Wherein the processed 
input and the measurement signals are processed to 
obtain the processed signal to thereby semi-automati 
cally initiate quali?cation of the material processing 
system. 
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53. The qualifying system as claimed in claim 45 further obtain the processed signal to thereby automatically 
Comprising; initiate quali?cation of the material processing system. 

54. The qualifying system as claimed in claim 45, Wherein 
means for receiving a machine_generated input; and the qualifying system is a human operator-1n-the-loop sys 

tem and Wherein the processed signal semi-automatically 
a processor for processing the input wherein the processed 1n1t1ates quali?cation of the material processing system. 

input and the measurement signals are processed to * * * * * 


