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(57) ABSTRACT

A precision, laser-based method and system for high-speed,
sequential processing of material of targets within a field are
disclosed that control the 1rradiation distribution pattern of
imaged spots. For each spot, a laser beam 1s incident on a
first anamorphic optical device and a second anamorphic
optical device so that the beam 1s controllably modified into
an elliptical irradiance pattern. The modified beam 1s propa-
gated through a scanning optical system with an objective
lens to 1image a controlled elliptical spot on the target. In one
embodiment, the relative orientations of the devices along
an optical axis are controlled to modily the beam 1rradiance
pattern to obtain an elliptical shape while the absolute
orientation of the devices controls the orientation of the
elliptical spot.
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HIGH-SPEED, PRECISION, LASER-BASED
METHOD AND SYSTEM FOR PROCESSING
MATERIAL OF ONE OR MORE TARGETS
WITHIN A FIELD

CROSS-REFERENCE TO RELATED
APPLICATIONS AND PATENTS

[0001] This application claims the benefit of U.S. provi-
sional application Ser. No. 60/279,644, filed Mar. 29, 2001,
entitled “Method and System for Severing Highly Conduc-
tive Micro-Structures.” This application 1s also related to
U.S. patent application Ser. No. , Tiled on the same
day as this application, and entitled “Method and System for
Processing One or More Microstructures of a Multi-Material
Device.” This application hereby incorporates the following

U.S. patents by reference herein: U.S. Pat. Nos. 5,300,756;
6,144,118; 6,181,728 and 5,998,759.

BACKGROUND OF THE INVENTION

0002] 1. Field of the Invention

0003] The present invention relates to the field of laser
material processing methods and systems, and specifically,
to scanned laser processing methods and systems for the
processing of semiconductor wafers, electronic substrates,
and workpieces to be laser micromachined.

0004] 2. Background Art

0005] Conventionally, round spots have been used for a
majority of precision-scanned, laser-processing applica-
tions. Many laser sources such as Nd:YAG lasers produce
round Gaussian beams, which, when imaged through con-
ventional spherical optics, produce round spots. These spots
are scanned across target sites to process material, and the
resulting laser-material interaction removes or otherwise
alters the targeted material. In many laser-processing appli-
cations, system throughput 1s limited by the average power,
the substrates’ fluence damage threshold, and, in pulsed
systems, the laser g-rate and the laser pulse characteristics.

[0006] Exemplary micromachining operations include
link blowing of redundant memory circuits, laser trimming,
and circuit fabrication. For processing applications such as
blowing sub-micron width fuses on a memory device, efli-
cient coupling of energy to a narrow fuse with minimum
lateral and substrate damage 1s desirable. Large round spots
may cause undesirable adjacent link damage as shown in
FIG. 19a4. While smaller spots allow finer pitched fuses to
be processed, the potential for substrate damage can increase
with the higher fluence of a decreasing spot size as shown in
FIG. 196. When micromachining a line made from a
sequence ol small laser spots, the spot overlap or so-called
“bite size” and g-rate are two of the process characteristics
that determine maximum scan velocity. Laser trimming,
applications requiring a wide kert width may require mul-
tiple passes with a small spot when the peak fluence of a
larger spot 1s inadequate. In the field of a lead frame
tabrication, wherein a fine pitch lead on a large lead count
device 1s machined, a rotating elongated spot 1s used as

described 1n U.S. Pat. No. 5,632,083.

[0007] Out-of-round spots are often considered as system
defects that limit process quality. Much eflort has been
expended 1n the field of laser optics to improve beam quality,
to circularize beams from diode lasers, and to design and
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implement highly corrected optics for diffraction-limited
systems. Vector diffraction eflects used for beam-shape
compensation are described 1 U.S. Pat. No. 4,397,527,

[0008] Many techniques are known for beam shaping and
spot shaping. One method 1s a phase plate used with a round
beam to modily the spot shape for processing memory fuses
as shown 1n the upper portion of FIG. 20 and as taught by
Cordingley 1n U.S. Pat. No. 5,300,736. The primary eflect
using this simple type of phase plate 1s to create a top-hat
distribution profile as shown 1n the lower portion of FIG. 20.
However, techniques for creating an oblong spot are also

described.

[0009] Use of an anamorphic spot with dithering for
shaping a laser beam intensity profile 1s described in U.S.
Pat. No. 6,341,029. The anamorphic spot allows sharper line
edges to be formed with a narrowed spot width, while an
increased spot length maintains desired total power without
exceeding process limits on integrated power per unit sub-
strate area.

[0010] Veldkamp in U.S. Pat. No. 4,410,237 describes a
diffraction grating and prism method for transforming a

round Gaussian beam to elongated flat-top profiles.

[0011] Dickey in U.S. Pat. No. 5,864,430 describes a

phase-based method for transforming a round Gaussian
beam to a flat-top, square, or rectangular-shaped spot.

[0012] Yet another technique is creating an array of spots
such as disclosed by James in U.S. Pat. No. 5,463,200.

[0013] Another well known technique is the imaged aper-
ture mask.

[0014] Apodization is yet another simple technique to
modily the beam shape and thereby spot shape.

[0015] Published U.S. patent application in the name of
Baird et al., US 2002/0005396 A1, discloses a UV laser

system wherein an optics module 1s provided to enhance
shape quality of laser beams.

[0016] Sun et al. in U.S. Pat. No. 5,265,114 describe a
method and system for selectively laser processing a target
structure of one or more materials of a multi-matenal,
multi-layer device.

[0017] Sun et al. in U.S. Pat. No. 6,057,180 describe a
method for severing electrically conductive links with ultra-
violet laser output.

SUMMARY OF THE INVENTION

[0018] It is an object of at least one embodiment of this
invention to sequentially and relatively position a modified
laser beam 1nto at least one spot having an adjustable aspect
ratio for laser material processing of one or more targets
within a field 1n a variety of micromachining applications.

[0019] It 1s an object of at least one embodiment of the
present mvention to correct system-induced, spot non-uni-
formity to create precise round or elongated spots such as
clliptical spots.

10020] In carrying out the above objects and other objects
of the present invention, a high-speed, precision, laser-based
method for processing material of at least one target within
a field 1s disclosed. The method includes generating a laser
beam along a propagation path, and controllably modifying



US 2006/0207975 Al

the laser beam to obtain a modified laser beam. The method
also 1ncludes sequentially and relatively positioning the
modified laser beam into at least one spot at each target
within the field to process the material of each target wherein
the at least one spot has a set of desired spatial character-
istics including an adjustable aspect ratio which are obtained
by the step of controllably modifying.

[0021] The at least one spot may have a pair of axes and
the modified laser beam may be focused to a substantially
common point in both axes.

[10022] The adjustable aspect ratio may be greater than 0.1
but less than 10.

[0023] Multiple targets may be within the field.

10024] The step of sequentially and relatively positioning
may include the step of vector scanning the modified laser
beam.

10025] The step of controllably modifying the laser beam
may be repeated during the step of sequentially and rela-
tively positioming the modified laser beam so that the at least
one spot has at least a second set of desired spatial charac-
teristics.

10026] The set of desired spatial characteristics may be
determined based on at least one target characteristic of each
target.

[10027] The set of desired spatial characteristics may also
be determined based on at least one target maternial property
of each target, or based on at least one process variable.

[0028] The set of desired spatial characteristics may fur-
ther be determined based on at least one desired laser
materal processing characteristic.

[0029] The step of generating may include the step of
shaping the laser beam to change the aspect ratio and to
obtain a modified beam having a first elongated 1rradiance
pattern with a first orientation wherein the modified beam 1s
delivered and focused into the at least one spot.

[0030] The step of generating may also include the step of
turther shaping the modified beam to obtain a laser beam
having a second elongated irradiance pattern with a second
orientation.

[0031] The step of controllably modifying may control
absolute orientation of the first and second orientations

based on target orientation.

[0032] The step of shaping may further include the step of
controlling relative orientation of the first and second ori-
entations.

10033] The step of sequentially and relatively positioning
may deliver and focus the beam into a plurality of spots
extending along a laser processing path wherein the aspect
ratio and onentation of each of the spots 1s based on
predetermined dimensions of each target and target orien-
tation.

[0034] The laser processing path may be a curvilinear
path.

[0035] Each of the spots may be an elongated spot having
a major axis and wherein the major axis of at least one of the
spots 1s aligned with the laser processing path.

Sep. 21, 2006

[0036] Each of the spots may also be an elongated spot
having a major axis and wherein the major axis of at least
one of the spots 1s transverse the laser processing path.

[0037] An aspect ratio and orientation of the at least one
spot may be controlled based on predetermined dimensions
of each target and target orientation.

[0038] The step of generating may include the step of
filtering the laser beam to obtain an 1nitially modified spot
shape.

[0039] The step of generating may also include the step of
filtering the laser beam to obtain an 1mtially modified spot
irradiance profile.

[0040] The processing may be micromachining and may
include semiconductor link removal, laser trimming, laser
drilling or laser etching.

[0041] The step of sequentially and relatively positioning
may deliver and focus the modified beam into a spot which
1s scanned along a laser processing path wherein an aspect
ratio and orientation of the spot 1s based on predetermined
dimensions of each target and target orientation.

[0042] The modified beam may have an irradiance pattern
of an elliptical Gaussian beam.

10043] The modified beam may have an irradiance pattern
of a top hat in one direction and Gaussian in a direction
orthogonal to the one direction.

10044] Further in carrying out the above objects and other
objects of the present invention, a high-speed, precision
system for processing material of at least one target having
predetermined dimensions and a characteristic within a field
1s disclosed. The system includes a laser source for gener-
ating a laser beam along a propagation path having an
irradiance pattern with an aspect ratio and an orientation 1n
a plane substantially perpendicular to the propagation path.
A controller generates control signals including orientation
control signals based on the characteristic. A first subsystem
1s disposed in the propagation path for shaping the laser
beam based on the predetermined dimensions to change the
aspect ratio and obtain a modified beam. A second sub-
system controllably changes the orientation of the irradiance
pattern based on the orientation control signals. A beam
delivery and focusing subsystem sequentially positions and
focuses the modified beam into at least one spot on each
target to process the material of each target.

[0045] The first subsystem may include a first anamorphic
optical device for shaping the laser beam to obtain an
initially modified laser beam having a first elongated irra-
diance pattern with a first orientation.

[0046] The first subsystem may also include a second
anamorphic optical device for further shaping the mnitially
modified laser beam to obtain the modified beam having a

second elongated 1rradiance pattern with a second orienta-
tion.

[0047] The second subsystem may include at least one
actuator for moving the anamorphic optical devices to
control absolute orientation of the devices in response to the
orientation control signals.

[0048] One actuator may move one of the anamorphic
optical devices to control relative orientation of the devices
in response to the control signals.
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[0049] The beam delivery and focusing subsystem may
sequentially position and focus the modified beam to a
plurality of spots extending along a laser processing path
wherein the aspect ratio and the ornientation of each of the
spots 1s based on the predetermined dimensions and target
orientation.

[0050] The laser processing path may be a curvilinear
path.

[0051] Each of the spots may be an elongated spot having
a major axis wherein the major axis of at least one of the
spots 1s aligned with the laser processing path.

[0052] Fach of the spots may further be an elongated spot
having a major axis wherein the major axis of at least one of
the spots 1s transverse the laser processing path.

[0053] The first subsystem may include an ellipse genera-
tor wherein the wrradiance pattern of the modified beam 1s an
clliptical rradiance pattern and the at least one spot 1s at
least one elliptical spot.

[0054] The second subsystem may include a beam rotator
for rotating the modified beam.

[0055] An aspect ratio and orientation of the at least one
spot may be controlled based on the predetermined dimen-
sions and target orientation.

[0056] The processing may be micromachining and may
include semiconductor link removal, laser trimming, laser
drilling or laser etching.

[0057] The system may compensate for system errors that
would result in an out-of-round or an out-of-ellipse condi-
tion.

[0058] The first subsystem may include a fixed expander/
rotator based on an in-line or compensated offset optical
path.

[0059] The first subsystem may include a plurality of
non-oflset prism pairs.

[0060] The first subsystem may include a multi-element,
sphero-cylindrical expander.

[0061] The system may further include a filter for filtering
the laser beam to obtain an mitially modified spot shape.

[0062] The second subsystem may include an adaptive
optical element.

[0063] The first subsystem may include an adaptive opti-
cal element.

[0064] The system may further include a filter for filtering
the laser beam to obtain an nitially modified spot irradiance
profile.

[0065] The beam delivery and focusing subsystem may
sequentially position and focus the modified beam into a
spot that 1s scanned along a laser processing path wherein
the aspect ratio and orientation of the spot 1s based on the
predetermined dimension and target orientation.

[0066] The irradiance pattern may be an elliptical Gaus-
sian beam.

[0067] The irradiance pattern may be a top hat in one
direction and Gaussian 1n a direction orthogonal to the one
direction.
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[0068] Further in carrying out the above objects and other
objects of the present mvention, a high-speed, precision,
laser-based method for processing material of at least one
target within a field 1s disclosed. The method includes the
steps of: a) generating a laser beam along a propagation
path; b) controllably modifying the laser beam to obtain a
modified laser beam; c¢) relatively positioning the modified
laser beam 1nto at least one spot at a target within the field
to process the material of the target wherein the at least one
spot has a set of desired spatial characteristics including an
adjustable aspect ratio which are obtained by step b); and d)
repeating steps a) through ¢) for each target until the material
of all targets within the field are processed.

[0069] The method may further includes the step of: e)
cvaluating at least one of process, material and target
characteristics to obtain data wherein step b) 1s based on the
data, and wherein step d) repeats steps a) through ¢) and step
¢) for each target until the matenal of all targets within the
field are processed.

[0070] The above objects and other objects, features, and
advantages ol the present invention are readily apparent
from the following detailed description of the best mode for
carrying out the invention when taken 1in connection with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0071] FIG. 1 1s a side elevational schematic view illus-
trating two pairs of 30-60-90 prism anamorphic beam
expanders of the present invention and a laser beam passing

therethrough;

10072] FIG. 2 1s a perspective schematic view of two pairs
ol non-oflsetting expanders and laser beam passing there-

through;

[0073] FIG. 3 1s a side elevational schematic view of a
pair of non-oflsetting prisms and a laser beam passing

therethrough;

[0074] FIG. 4 is a side elevational schematic view of
another pair of non-offsetting prisms and a laser beam

passing therethrough;

[0075] FIG. 5 1s a side elevational schematic view of
non-steering prism pairs and a laser beam passing there-

through;

[0076] FIG. 6 15 a side schematic view of an anamorphic
prism pair with Dove prism rotators;

10077] FIG. 7 1s a side elevational schematic view of a
pair of prism pairs of U.S. Pat. No. 4,580,879;

[0078] FIG. 8 is a side elevational schematic view of a
pair of prism pairs of U.S. Pat. No. 6,219,169;

[0079] FIG. 9 1s a side elevational schematic view of a
pair of prism pairs ol U.S. Pat. No. 4,948,233;

[0080] FIGS. 10a and 105 are top and side schematic
views, respectively, of a three-element, sphero-cylindrical
beam expander with crossed cylinders for alignment com-
pensation;

[0081] FIG. 11 shows beam irradiance profile with near
orthogonal ellipse axes with rotation of a second expander of
the present invention through a crossed null position;
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10082] FIGS. 124 and 1256 show a sequence of round spots
transiformed into a corresponding sequence of elliptical spots
by use of the method and system of the present invention;

10083] FIGS. 13a-13¢ show three sequences of elliptical

spots: FIG. 13a the first sequence for use with targets having
a rounded comner; FIG. 1356 the second sequence for use
with targets having a squared-ofl corner; and FIG. 13c¢ for
use when a series of parallel lines are machined 1n the target
material;

10084] FIG. 14 is a block diagram of a first embodiment

ol a system for material processing of targets of the present
invention;

[0085] FIG. 15 is a block diagram of a second embodi-
ment of the system:;

[0086] FIG. 16 is a plot of a square spot;

10087] FIG. 17 is a plot of a rectangular spot made from
a modified square spot with non-linear rotation and asym-
metry;

[0088] FIG. 18 1s a plot of an improved rectangular spot
from a modified square spot showing spot shaping with
optical compensation using a third embodiment of an
expander;

10089] FIG. 194 is a top plan schematic view of a large
laser spot which causes adjacent link damage together with
a corresponding cross-section of its itensity profile;

10090] FIG. 195 1s a top plan schematic view of a small
laser spot which causes substrate change together with a
corresponding cross-section of 1ts intensity profile;

[0091] FIG. 19¢ 1s a top plan schematic view of an aligned
clliptical spot of the present invention which minimizes
damage together with a corresponding cross-section of 1ts
intensity profile;

10092] FIG. 194 1s a top plan schematic view of a mis-
aligned elliptical spot together with a corresponding cross-
section of its mtensity profile;

10093] FIG. 20 is a side elevational view of a prior art
phase plate with a graph of an input Gaussian pulse there-
above and a graph of a top-hat output pulse therebelow;

10094] FIG. 21 are a plurality of graphs of relative fluence
versus spot half-width 1n microns which illustrate substrate
fluence (energy density on substrate) as a function of mis-
alignment between the link and spot for various spot shapes;

10095] FIG. 22 1s a schematic view of a switched system
of the present mnvention wherein two different optical paths
are provided for a laser beam;

10096] FIG. 23 is a block diagram flow chart illustrating
the method of the present invention; and

10097] FIGS. 24a-24d are schematic views of various
patterns of circles and ellipses that can be formed by the use
of the present invention for drilling applications.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1

[0098] An aspect of the present invention involves laser
processing of targets with a modified beam where spatial
characteristics including aspect ratio of a spot are adjusted
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so that laser-material processing 1s performed in a desirable
manner. Exemplary applications include, but are not limited
to semiconductor link blowing, resistor trimming, laser
drilling and various spot transformations.

[0099] For instance, the laser beam orientation and irra-
diance distribution may be substantially matched to the
target geometry (e.g., FIGS. 19¢-194, a metal link 100
having a rectangular cross-section on a memory device) so
as to efliciently couple the laser energy to the target (i.e.,
FIG. 19¢) while reducing the background irradiance (e.g.,
Silicon substrate) and potential collateral damage. Such
damage might occur through misalignment (FIG. 194) or by
overfilling with a round spot (FIG. 19a) where an adjacent
link 1s 1rradiated. Though the situation in FIG. 19a appears
extreme 1n the illustration, those skilled in the art of link
blowing will appreciate that link pitch of a few microns 1s
not uncommon and the even energy at or beyond the 13%
(1/€**2) point of the spot 102 1s undesirable. Links may
typically have an aspect ratio of 8:1, with a narrow dimen-
sion smaller than or comparable to the laser processing

wavelength. For instance, a link may be 0.6 umx5 um in
dimension, with a thickness of less than 1 micron.

[0100] FIG. 21 offers further support for the use of
non-round spots for blowing or severing links. When a link
and spot are misaligned as shown in FIG. 194, the incident
energy focused on the substrate increases the fluence (energy
density, e.g., Joules/cm™*2) resulting 1n possible damage.
The eflect of a mismatch with round spots (offset at 105 and
aligned at 106) 1s apparent. The risk of damage with an offset
cllipse 107 1s reduced. The focused line 108 and ellipse 109

both provide low risk of damage.

[0101] The controllable elliptical spot can be used for
blowing fuses by adapting the aspect of the spot and
orienting the axis of the spot 1n relation to the fuse geometry
to maximize absorption and minimize lateral and substrate
damage. Fuse geometries with varying orientations are eas-
1ly and rapidly accommodated with the present invention.

[0102] Spatial characteristics of a spot may be chosen or
controllably adjusted based on a model of the laser material
interactions in the target region. For instance, a thermal
model may be used to estimate the amount of material
removed and/or the level of collateral damage for a given
pulse energy. A computer-based model which includes the
thermal diffusion of the laser pulse may be used or modified
to correlate the material removed to the spot shape. In link
blowing applications where the spot aspect ratio departs
from 1:1 with finer pitch such a model based approach to
spot shaping may be particularly beneficial. Exemplary spot
shapes mput to such a model may be elliptical Gaussian,
“Top” hat along the length and Gaussian along the width, or
other shapes. Trends in DRAM manufacturing are toward
increasing density (links/area) and decreasing pitch.

[0103] Likewise, in active trimming of devices and elec-
tronic circuits control over the “bite size” or kert width 1n a
specific direction (e.g., parallel to current flow) may be
desirable to trim such circuits to a desired value. Likewise,
it may be desirable to control the amount of material
removed dynamically, based upon comparison with a mea-
sured electronic parameter. Similarly, dynamic control over
the spot 1rradiance profile may be advantageous for micro-
machining holes in materials where the hole geometry must
conform to certain shape specifications, including three
dimensional specifications.
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[0104] A reduced spot size in the axis across the kerf and
an 1ncreased spot size 1n the axis along the direction of cut
as shown in FIGS. 12-13 can be used for improved pro-
cessing speed. Consider an example using a nominal 30-mi-
cron spot cutting a line (as shown 1n FIG. 12a). If the spot
1s modified to an elliptical spot 20 microns by 45 microns,
the area of the spot remains constant, as does the fluence at
the workpiece. If the 45 micron axis 1s oriented along the
direction of cutting, with the same pulse rate and bite size
compared to the 30 micron spot case, the cutting velocity 1s
increased by 50%. The kerf width 1s proportionately reduced
by 33%. This can readily be seen as an increased line length
produced by the five sequential elliptical pulses compared to
the round spot case (as shown i FIGS. 124 and 12b).

[0105] With a controllable spot orientation, curvilinear
and multi-segment lines can be micromachined (as shown 1n
FIGS. 13a and 135). The orientation of the ellipse in this
example can be rotated 90 degrees to create a wide line at a
slower scan rate. The speed of trimming U-Cut, L-Cut, and
other trim cut shapes may be improved with use of the
controlled spot characteristics.

[0106] The machining speed may also be improved in
applications wherein the spot orientation 1s fixed 1n position.
FIG. 13c¢ illustrates how the machining speed may be
improved while reducing the kert width 1n a trimming
application wherein a series of parallel kerfs are formed. The
benefit increases as a larger number of segments are to be
formed with increasing length.

[0107] Further, with dynamic control of the spot charac-
teristics, finer control of machining “bite size” may be
performed.

[0108] Exemplary aspect ratios of about 1.3, 1.5, or some-
what greater are expected to provide sigmificant improve-
ments 1 machining speed and system throughput.

[0109] Certain laser etching applications, where a precise
amount of material 1s to be removed, may benefit from time
varying control of the desired set of spot characteristics.

[0110] Referring now to FIGS. 24a-24d, the maximum
radius of curvature of the ellipse can be set equal to and
superimposed upon the local concave radius of a desired
target feature, for instance the radius of a drilled hole. A
sequence ol such spots positioned along a curved path waill
mesh to form a precise outer radius substantially free of edge
scalloping defects, even when a large bit size 1s used. An
cilicient hole with high edge quality can be machined with
a sequence of precise concentric rings.

[0111] In applications where a highly symmetric round
beam 1s desired, an embodiment of the invention may be
used to transform certain spot shapes into a more desirable
profile. With a round or elliptical mput beam, some spot
shape 1rregularities can be attributed to the various eflects
induced by the optical system. Some of these include
aberrations such as astigmatism, cosine errors with deviation
of the incident beam from the substrate normal, and vector
diffraction eflect 1n very fast polarized optical systems with
NA>0.5. An ecllipse generating optical system 1s used to
preshape an mput beam to compensate for these irregulari-
ties so that the spot imaged at the workpiece has substan-
tially desired spatial characteristics.

[0112] Inaccordance with the present invention, the aspect
rat1o of an 1incident laser beam may be transformed through
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a controlled change of orientation and/or aspect ratio. Like-
wise, the beam amplitude and phase profile may be modi-
fied, in conjunction with the orientation control and/or
aspect control for istance, to produce a Gaussian or non-
Gaussian spot profile such as a “top hat” with a controlled
shape having a controlled change 1n aspect and/or orienta-
tion such as an elliptical, rectangular or asymmetric shape.

[0113] Several exemplary embodiments follow which pro-
vide for beam rotation and transformations of the spot
profile. The embodiments may be used alone or 1n combi-
nation and are particularly adapted, though not restricted, for
use 1n automatic systems.

[0114] Imaging an elliptical beam is a way to create an
clliptical spot shape using Gaussian beam propagation. The
wide “fast” axis of the beam will produce a narrow beam
waist, while the smaller “slow” axis will produce a larger
waist resulting 1n an elliptical well-focused spot. Two tech-
niques known in the art that are most common for generating
an elliptical beam shape are anamorphic beam expansion or
compression using either anamorphic prisms or cylindrical
beam expanding telescopes. This technique 1s eflicient and
does not introduce non-Gaussian artifacts laterally or axi-
ally.

[0115] Conventional beam shaping and spot shaping tech-
niques generally yield a fixed focal spot aspect ratio. Tilting
phase plates or apertures or adjusting anamorphic prism
positions can make these devices variable as shown m U.S.
Pat. Nos. 35,274,489, 4,059,343, and 6,225,595. Alterna-
tively, 1n an embodiment of the present invention zooming
the cylindrical elements of an anamorphic beam expander or
compressor can be used for spot shape adjustment, to the
extent that requirements for precision are met for a material
processing operation.

[0116] In accordance with the present invention, rotation
of any of these beam shaping and spot shaping devices can
provide variable spot orientation. Alternatively, the device
can remain fixed and an 1mage rotator can be used to rotate
the beam and align the spot shape to the process feature.
Image rotation 1s classically applied with a rotating Dove
prism or an equivalent optical system. The image rotator has
the advantage of optical leverage so that the image rotates
two times as fast as the rotator device. Thus, for 180 degrees
of 1image rotation, only 90 degrees of mechanical motion 1s
required. Without an 1mage rotator, the rate of image rotation
1s typically equal to the device rotation, so a 180 degree
rotation requires 180 degrees of mechanical motion. Typi-
cally, image rotation also results in polarization rotation.
This polarization rotation may cause variable transmission
loss which may be undesirable for material processing. Also,
rotation of elements in an optical system that deviate the
beam axis can cause undesirable beam clipping as well as
position errors of the spot at the workpiece.

[0117] A wvariable beam compensating optical system
using a pair of non-oflset anamorphic beam expanders 1s
disclosed 1n U.S. Pat. No. 6,219,169. Independently rotating
two expanders provides magnitude adjustment and align-
ment of the compensation with the imnput beam. A two-prism
refractive non-deviating prism arrangement 1s shown in U.S.
Pat. No. 4,948,233 (1.e., FIG. 8 herecof). Other types of
non-deviating arrangements are disclosed. U.S. Pat. No.
4,623,255 shows a single piece arrangement. U.S. Pat. No.
4,128,308 shows a complex arrangement including TIR
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surfaces. U.S. Pat. No. 4,580,879 shows a device including
a fold mirror (i.e., FIG. 7 hereol) and U.S. Pat. No.

4,627,690 shows a dual TIR parallel output prism pair.

[0118] An astigmatic Gaussian beam can be used to create
clliptical spots as 1s U.S. Pat. No. 5,632,083, The astigmatic
beam has two beam waists; separated in the z-axis. At each
waist, the beam 1s elliptical with the waist representing the
minor axis. The ellipses of each waist are oriented orthogo-
nally. Changing the focus of an astigmatic beam will change
the aspect ratio of the spot. The astigmatic beam 1s widely
used for focus detection.

[0119] A beam-compensating optical system 1s disclosed
in U.S. Pat. No. 6,219,169 with embodiments that detail the
use of a pair of anamorphic beam expanders for compen-
sation purposes. While this system 1s proposed to modify the
shape of an elliptical beam nto a circular beam, this type
system 1s applicable mn an embodiment of the present
invention to control spatial characteristics of an input beam.

[0120] In a preferred embodiment of the invention, an
adjustable aspect can be implemented between 1 and M* by
continuously varying the relative ornentation of the two
beam expanders. Cascading two anamorphic beam expand-
ers and rotating them 1independently creates a controlled spot
with a variable aspect ratio and rotation. The relative ori-
entation of the expanders provides the aspect ratio and the
absolute orientation of the pair determines the orientation of
the spot axis. If the expansion M of the two expanders 1s
equal and the expansion axes are crossed at 90 degrees, then
a symmetric expansion and a round beam with expansion M
1s achieved. If the expansion axes coincide, then an expan-
sion M~ is along only one axis and the aspect ratio of the
beam is modified by a factor of M?.

[0121] It 1s preferred that beam deviation be controlled so
that device rotation does not cause spot position errors or
beam clipping. Two element cylindrical beam expanders and
anamorphic prisms as described in U.S. Pat. No. 6,219,169
and shown 1n FIG. 8 have no capability to correct the wedge
clement errors in the non-expanding axis that will cause
beam steering. High accuracy elements are therefore pre-
terred for precision applications. Desensitized and/or adjust-
able compensated devices can also facilitate higher preci-
sion. Those skilled 1n the art of optical design and computer
modeling will be able to assess the precision requirements
for specific requirement of spot placement.

[0122] Beam expanders with one reflective surface can
provide beam steering capability to facilitate alignment by
mechanical adjustment. For tilt desensitization, a second
reflective surface can be provided to minimize beam steering
cllects.

[0123] When the maximum expansion is chosen to be
greater than required, the range of motion of the beam
expanders can be substantially reduced. Reducing the rota-
tion of the beam expanders reduces the pointing error
contributions due to beam steering in the beam expanders.
Reducing the rotation angle also reduces possible polariza-
tion sensitivity. For example, with anamorphic prisms used
near Brewster’s angle for anti-retlection, large rotations
frustrate the Brewster’s angle criterion resulting in large
polarization dependent reflection losses. With small rota-
tions 1n the 10-20 degree range, reflection loss variations are
limited to a few percent. For designs where the polarization-
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sensitive axes of the expanders are not aligned, a polariza-
tion rotating element such as a half-wave plate can be used
between the beam expanders to improve efliciency.

[0124] When high expansion beam expanders are rotated
from an ellipse beam shape through the round shape back to
an ellipse shape, the second ellipse axis 1s approximately
orthogonal to the first ellipse shape, as shown 1n FIG. 11.
This provides for orienting the ellipse orthogonally without
the need for large angular rotations of the beam expanders.
Small non-linearities 1n the ellipse orientation can be con-
trolled with small corrective beam expander rotations. When
the beam 1s generated with a beam shaping filter, optical
compensation may be used to correct orientation non-lin-
earities and reduce potential beam distortion. Conveniently,
with high expansion beam expanders, arbitrary ellipse ori-
entations can be achieved with only less than 180 degrees of
beam rotation. For example, 90 degree rotation may be used.

[0125] An image rotator may be used in conjunction with
a fixed anamorphic beam expander. With this embodiment,
the beam expander may then be an oflset and deviating type
such as a single transmissive wedge prism or prism with TIR
as 1 U.S. Pat. No. 4,759,616. For a variable expansion
system with a second polarization-sensitive anamorphic
beam expander, the 1mage rotator might cause transmission
variation. It 1s known that a rotating half-wave plate 1s usetul
as a polarization rotator. A wave plate at 45 degrees 1s used
as a 90 degree polarization rotator, but a wave plate at say
30 degrees will rotate the polarization 60 degrees. The
polarization rotation 0, 1s twice the rotation of the wave
plate 0 . A half-wave plate can be mounted after the 1image
rotator with the optical axis of the plate aligned to the input
polarization axis of the rotator so as to rotate 0, with the
image rotator. The rotated polarization incident on the wave
plate 0,, 1s twice the rotation of the wave plate 0_ so the wave
plate will counter rotate the polarization back to the mput
orientation. This polarization preserving image rotator or an
equivalent can be used 1n conjunction with various configu-
rations ol anamorphic prisms.

[0126] Many beam expander magnification combinations
are possible that may have equal or diflering magnifications.
For example, a pair of beam compressors or an expander and
a compressor could be used. In total, there are four possible
permutations of optics, expander/expander, expander/con-
denser, condenser/expander, and condenser/condenser. An
anamorphic beam expander with expansion M and a beam
compressor with compression 1/M could be used. In this
case, a magnification of 1 1s achieved when the expansion
and compression axes are aligned and an aspect ratio of M”
1s achieved when the axes are crossed. The combination of
condenser=>expander provides a smaller beam footprint
than the expander=>condenser. This eases the fabrication
requirements and provides for small optics.

[0127] In yet another embodiment of the invention, a pair
ol adaptive optical devices such as deformable mirrors may
be used to vary beam aspect. Each device 1s configured to
create a cylindrical element. The relative optical power of
the elements determines the anamorphic expansion. Adap-
tive optical devices may vary the orientation of their cylin-
der axes to determine the orientation of the expansion axis.

[0128] When cylindrical devices are used, it is possible to
interleave the optical elements of the two devices to provide
a more compact optical system. Consider devices A and B
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with elements Al, A2, and B1l, B2, respectively, the
sequence along the optical axis would be Al, A2, B1, and
B2. An mterleaved approach would use a sequence Al, B1,
A2, B2. A nested approach 1s also possible to create a
compact system. In this case, the sequence of elements
would be Al, B1, B2, A2. In all cases the device elements
Al and A2 maintain their relative rotation orientation to
cach other as do elements B1 and B2.

10129] Those skilled in the art of laser processing will be
aware that some form of relative motion 1s generally used to
position the target and laser beam. In many micromachining,
systems combinations of translation stages and/or rotating
mirrors, for instance galvanometers (“galvos™), are used.
The controllable spatial characteristic of the present inven-
tion can be applied with such combinations of positioning,
devices. As shown in FIG. 13, the ellipse rotation speed
requirements are limited during curve following with
gradual rotation. Generally, the most demanding require-
ment 1s when sharp corners are turned. Typically, this
comncides with the highest demand on the stage or galvo.

[0130] When this invention is used with TEM,, Gaussian
beams, variable aspect elliptical spots with Gaussian profile
result. The embodiments may also include a filter element to
modily the amplitude and/or phase distribution of the beam
in the generating step and thereby further modily the spot
shape and irradiance profile. For example, a filter such as
Cordingley’s phase plate 1s used to create a beam profile that
will result 1n a top-hat spot shape. When this filter 1s
included 1n the step of generating the beam, the shaping
applied to the beam will shape the filter imprint along with
the beam aspect. Thus, the aspect and orientation of the
filtered spot shape are variable. The normally round top hat
will be converted to a controllable elliptical top hat spot.

[0131] Rotationally symmetric filters are used to create
symmetric spots like the round top hat shape. Other filters
may be used that are not rotationally symmetric for creating,
nominally non-rotationally symmetric spots. Filters with
4-fold symmetry may be used with null expansion to create
a variable spot along substantially orthogonal axes. For
example, a filter producing a square spot shape (i.e., FIG.
16) can produce varniable rectangular spots aligned with the
filter onentation as shown 1n FIGS. 17 and 18. Gaussian
beam shaping 1s discussed theoretically in chapter 3 of
“Laser Beam Shaping: Theory and Techniques,” edited by
Fred M. Dickey, Scott C. Holswade, New York: Marcel
Dekker, 2000.

[0132] In the case of a rectilinear beam transform filter,
correction of rotation non-linearity 1s preferred to maintain
the orthogonality of the shaped spot to the target through a
variable range, and 1mage rotation 1s preferred for interme-
diate, non-orthogonal spot orientations.

10133] Those skilled in the art will recognize that other
non-aligned orientations are possible. For example, the
square spot may be changed to a variable diamond shape. Of
course, other symmetric and asymmetric filters may be used
to create spots with controllable spatial characteristics. Vari-
ous alternatives are known to those skilled i the art of
optical filtering as taught 1n U.S. Pat. No. 35,300,756 (Cord-
ingley); U.S. Pat. No. 5,864,430 (Dickey) and U.S. Pat. No.
5,917,845 (Sales et al.).

[0134] Many types of rotary actuators such as stepper
motors and servos can be used in an embodiment of the
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invention for dynamic control of the beam expanders’
orientations and hence dynamic control of the laser spot
aspect size and orientation. When high-speed operation 1s
desired, the rotational nertia of the optics may be reduced
and closed loop servo-controlled actuators may be used. The
anamorphic beam expansion 1s preferably applied at a point
in the optical beam path where the beam diameter 1s rela-
tively small. The use of a condenser/expander layout also
helps to reduce the optics 1nertia. Improvements 1n the field
of 1mage rotation, particularly high-speed actuators and
(zero 1nertia) solid state devices are expected to provide
direct benefit to this invention.

[0135] A propagating beam is incident on a first anamor-
phic beam expander, a second anamorphic beam expander
and a scanning system including an objective lens. The first
beam expander adapts the 1rradiance pattern of the beam to
a first ellipse of a predetermined aspect ratio. A first beam
rotating means controls the orientation of the first elliptical
beam 1rradiance pattern. The first elliptical beam 1s 1incident
on a second anamorphic beam expander with the ellipse axis
oriented at a predetermined orientation to the second
anamorphic beam expander. The second anamorphic beam
expander adapts the first elliptical beam 1rradiance pattern to
a second elliptical 1irradiance pattern. A second beam rotator
controls the orientation of the second elliptical beam.

[0136] Preferably, the first and second anamorphic beam
expanders are 1dentical optical devices. Preferably, rotation
of the first anamorphic beam expander relative to the second
anamorphic beam expander comprises the first beam rotator,
and rotation of both anamorphic beam expanders comprises
the second beam rotator. One skilled in the art will recognize
that one or two discrete image rotors could be used 1n lieu
of rotating either or both of the anamorphic beam expanders.

[0137] Preferably, the expansion of each anamorphic
device is greater than M where M 1is the desired anamor-
phic expansion.

[0138] In one embodiment, each beam expander is com-
prised of a pair of 30-60-90 degree prisms 10 and 12 and 14
and 16 made from SF14 glass as shown 1n FIG. 1. Prism
faces A, B and C oppose angles 30, 60 and 90, respectively.
Each beam expander operates 1n the following way. The first
prism 1s used as a 30-degree wedge to refract the beam. The
first surface B 1s normal to the input beam and anti-reflection
coated. The second surface C 1s near the Brewster’s angle to
reduce reflection losses. The refracted beam 1s deviated at an
angle from the optical axis of approximately 60 degrees. The
second prism 1s oriented so that the hypotenuse C 1s parallel
to the input beam axis and the face A 1s normal to the beam
deviated from the first prism. The beam transmits through
the AR coated face A and 1s incident on the hypotenuse C at
approximately 60 degrees. The incident angle 1s suflicient to
produce TIR reflection. The beam 1n deviation 1s now
reversed upon retlection. The beam now propagates to face
B of the second prism and 1s incident at approximately 30
degrees near Brewster’s angle. The relative positions of the
prisms are set so that the beam intercepts face B substan-
tially at the height of the mnput optical axis. Upon refraction
from face B at a point on the optical axis the beam 1s
deviated so as to propagate along the optical axis without
angular or lateral deviation.

[0139] Each beam expander is rotatably mounted. The
expansion axis of the second expander 1s orthogonal to the
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first so that the normal circular beam 1s expanded at a
magnification of about 3. The axes of both expanders are
normally at 45 degrees to the desired ellipse orientation.
Rotation of the second beam expander in clockwise and
counterclockwise directions produces nearly orthogonal
variable elliptical beams. Fine rotation adjustment of both
beam expanders through a small error-correcting angle
orients the ellipse to high precision. With a linearly polarized
beam, the polarnization 1s aligned with quarter wave plates
into each beam expander, and aligned relative to the ellipse
axis upon exiting the second beam expander. The elliptical
beam 1s 1maged through an objective to a target to produce
variable elliptical spots as a result of Gaussian beam propa-
gation.

[0140] Another related embodiment uses cylindrical beam
expanding optics as shown i FIGS. 10a and 105. Each
beam expander 1s comprised of two cylindrical and one
spherical lens. The axes of the two cylindrical elements are
orthogonal and are arranged about the spherical element to
create two orthogonal expansions. Translation of elements
allows wedge deviations to be nulled in two planes. Sensi-
tivity to imput collimation 1s less than that of the prism
design and astigmatism correction 1s possible with axial
clement adjustments.

[0141] FIG. 14 shows a system of the present invention
including a laser source, a system controller and a laser
beam delivery and focusing subsystem 1n the form of an X,Y
scan system. An ellipse generator/rotator (1.e., EGR)
includes an elliptical beam generator, a beam rotator and
interface electronics and drivers. The generator typically
takes a round beam profile of the output of laser source and
generates a prescribed elliptical beam cross-section. The
beam rotator may maintain the elliptic axis along the direc-
tion of cut. In this embodiment, the interface/drivers
includes a digital system interface, a power interface and
drivers for the generator and rotator.

|0142] The system controller generates control signals
which control not only the laser source and the X,Y scan
system but also the generator and the rotator based on
reference data which represent target characteristics such as
the predetermined locations and orientations of the target
material.

[0143] In another embodiment of the present invention, a
plurality of optical paths are provided with an optical switch
to switch between the optical paths. Each optical path
contains a unique set of optical elements. For example, each
one of two paths includes anamorphic optics to control the
spot aspect and align the spot axis orientation. The beams of
the two optical paths are oriented so that the major axis of
cach spot 1s aligned to an orthogonal target feature. A
multi-path, polarization-based optical switch, such as that
disclosed 1n U.S. Pat. No. 3,753,608 (for focusing), provides
fast switching between the orthogonal spot states. When
orthogonal switching between two or more fixed states, each
path includes fixed anamorphic expansion, however, vari-
able aspect ratio spots with arbitrary orientations can be
achieved with anamorphic optics disclosed in the present
invention.

10144] FIG. 22 illustrates one such embodiment. A polar-

ized mput beam 120 may be the output of a polarization
rotator, for mnstance, a computer-controlled liquid crystal
device. U.S. Pat. No. 6,181,728, assigned to the assignee of
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the present invention and hereby incorporated by reference
in 1ts entirety, describes a polarization controller and use of
oriented polarized beams for processing structures. The
input polarization may be one of two orthogonal polariza-
tions, for instance. The beam splitter 121 will pass the beam
along the two optical paths 122,123, as shown. Each path
includes various folding mirrors 124 and anamorphic optical
clements 125 to change the beam aspect ratio and orienta-
tion. The beam 1s then redirected to the polarization beam
splitter “combiner”126 which 1s used to return the beam to
the original path. A second polarization rotator 127 may then
be used to select the output polarization for the beam 128
which 1s then delivered to a focusing sub-system and
focused onto the object. Alternatively, the output polarizing
clement(s) 127 may be a waveplate used to convert to a
circular polarization or optical elements to create an unpo-
larized delivery beam. Those skilled 1n the art will recognize
that varniations of this embodiment may also be used, and
various components may be added to the sub-system to
facilitate alignment and to provide long term pointing sta-

bility.

10145] The switching may be between paths that impart
different amounts of beam rotation. In this configuration, the
polarization axis of at least one optical path may become
misaligned with the anamorphic beam axis. One or more
quarter wave plates are used to realign the polarization axis
with the beam for particular beam paths. U.S. Pat. No.
4,318,591 discloses an orthogonal polarization switched
image rotator that maintains the polarization axis relative to
an elliptical spot axis.

[0146] Two or more switched paths may be used in a serial
fashion where a first plurality of beam paths 1s provided to
control one spot feature and a second plurality of beam paths
tollows the first to control a second feature. For example, a
first polarization beam switch switches between two paths
with different amounts of anamorphic beam expansion, say
2x and 3x aspect ratios. The 2x or 3x aspect beam 1s
switched by a second polarization beam switch to control the
orthogonal orientation.

[0147] A target characteristic may include an orientation,
dimension (1.e., length, width, thickness), and a measured
characteristic like measured resistance. The characteristic
may be predetermined or measured during the laser process-
ing operation and monitored via process feedback.

10148] FIG. 15 is similar to FIG. 14 except devices 1 and
2 represent the previously described preferred embodiment
of the present invention wherein the dnivers drive the
actuators for rotating the anamorphic devices.

[0149] The invention 1s applicable to both CW and pulsed
laser processing operations. The present invention may also
be applied with femtosecond laser processing systems
wherein a precisely controlled ablation threshold allows for
selective material removal, or 1n similar narrow pulse sys-
tems 1n the picosecond range. In such applications, consid-
cration 1s to be given to the dispersion of the optical

clements when selecting optical components.

[0150] In practice, the modified spot is positioned at
various points along the target. In one embodiment, high-
speed, sequential positioning of the spot within the field can
be accomplished by relatively positioning the laser beam
and target with a low inertia beam positioning system. For
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example, a solid-state beam deflector or galvanometric scan-
ning system may be used and are know to those skilled in the

art of laser processing as illustrated in U.S. Pat. No. 5,998,
759 and U.S. Pat. Nos. 4,532,402 and 5,837,962 to Over-

beck.

|0151] The use of galvanometers and/or acousto-optic
deflectors for vector and random access scanmng are well
known. Other embodiments might include micro-mirrors,
lightweight difiractive optical elements or moving lens
along one or more axes. Similarly, a combination may be
chosen for multi-axis scanning.

[0152] U.S. Pat. No. 5,998,759, assigned to the assignee of

the present invention, also teaches the use of an external
modulator for providing laser pulses on demand, each of
which are correlated to the position of a target, under
computer control. This approach generally allows for pos-
sibilities from a series of overlapping spots forming a line
(such as a laser kert) to an arbitrary pattern within the field
(such a series of selected microscopic target structures in a
row or column or a specified code for marking).

[0153] In another embodiment, relatively positioning of
the modified laser beam and target may be performed by
using a combination of coarse motion of laser processing
equipment and precision translation stage motion as shown
in U.S. Pat. No. 6,144,118, where the fine stage supports a
semiconductor water. This may be used 1n combination with
the “pulse on demand” approach described in the *759 patent
for removing links or processing other microscopic struc-
tures.

[0154] Various combinations may be utilized. U.S. Pat.
Nos. 5,847,960 and 5,751,585 describe various embodi-
ments for relatively positioning laser beams using a com-
bination of high-speed beam positioners, for mstance gal-
vanometers, and slow translation stages.

10155] FIG. 23 provides, in block diagram flow chart

form, a summary of the various process steps used by a
method of the present invention.

[0156] These techniques, used alone or in combination,
are applicable to micro-machining applications including
laser drilling, timming, semiconductor link blowing, mask
repair, among others.

[0157] While embodiments of the invention have been
illustrated and described, i1t 1s not intended that these
embodiments illustrate and describe all possible forms of the
invention. Rather, the words used 1n the specification are
words of description rather than limitation, and 1t 1s under-
stood that various changes may be made without departing
from the spirit and scope of the mvention.

1-55. (canceled)

56. A method of selectively removing material with a
precisely controlled laser ablation threshold, the method
comprising:

generating at least one laser beam along one or more
propagation paths;

controllably moditying the at least one laser beam to
obtain at least one modified laser beam; and

sequentially and relatively positioning the at least one
modified laser beam 1nto at least one well-focused spot
to remove material wherein a precisely controlled abla-
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tion threshold allows for selective material removal and
wherein the at least one well-focused spot has a set of
desired spatial characteristics including an adjustable
aspect ratio which are obtained by the step of control-
lably modifying.
57. The method as claimed i1n claim 56, wherein the
method 1s a trimming or link blowing method.
58. The method as claimed 1n claam 56, wherein the
method 1s a micromachining method.
59. The method as claimed 1n claim 56, wherein the aspect
ratio 1s greater than 1.2.
60. The method as claimed in claim 56, wherein the step
of generating 1s performed with a narrow pulse laser system.
61. The method as claimed in claim 60, wherein the
narrow pulse laser system 1s a picosecond laser system.
62. The method as claimed in claim 60, wherein the
narrow pulse laser system 1s a femtosecond laser system.
63. The method as claimed in claim 56, wherein the step
of sequentially and relatively positioning delivers and
focuses the at least one modified beam into a plurality of
well-focused spots extending along a line and wherein an
axis of at least one of the spots 1s aligned with the line.
64. The method as claimed in claim 56, wherein the step
of controllably modifying the at least one beam includes
switching the at least one beam between a plurality of optical
paths.
65. A system for selectively removing material with a
precisely controlled laser ablation threshold, the system
comprising;

a laser source for generating at least one laser beam along,
one or more propagation paths;

a controller for generating control signals;

a subsystem for controllably modifying the at least one
laser beam 1n response to the control signals to obtain
at least one modified laser beam: and

a beam delivery and focusing subsystem for sequentially
and relatively positioning the at least one modified laser
beam into at least one well-focused spot to remove
material wherein a precisely controlled ablation thresh-
old allows for selective material removal and wherein
the at least one well-focused spot has a set of desired
spatial characteristics including an adjustable aspect
ratio.

66. A high-speed, precision, laser-based method for pro-

cessing material of at least one target within a field, the
method comprising:

generating at least one laser beam along one or more
propagation paths;

controllably moditying the at least one laser beam to
obtain at least one modified laser beam; and

sequentially and relatively positioning the at least one
modified laser beam 1nto at least one well-focused spot
at each target within the field to process the material of
cach target wherein the at least one spot has a set of
desired spatial characteristics including an adjustable
aspect ratio which are obtained by the step of control-
lably modifying.

67. The method as claimed in claim 66, wherein the step
of sequentially and relatively positioning delivers and
focuses the at least one beam 1nto a plurality of well-focused
spots extending along a laser processing path wherein the
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aspect ratio and orientation of each of the spots 1s based on
predetermined dimensions of each target and target orien-
tation.

68. The method as claimed 1n claim 66, wherein multiple
targets are within the field.

69. A high-speed, precision, laser-based method for pro-
cessing material of at least one target within a field, the
method comprising:

a) generating at least one laser beam along one or more
propagation paths;

b) controllably modifying the at least one laser beam to
obtain at least one modified laser beam;

¢) relatively positioning the at least one modified laser
beam into at least one well-focused spot at a target
within the field to process the material of the target
wherein the at least one well-focused spot has a set of
desired spatial characteristics including an adjustable
aspect ratio which are obtained by step b); and

d) repeating steps a) through c) for each target until the

material of all targets within the field are processed.

70. The method as claimed 1n claim 69, further compris-
ing: e) evaluating at least one of process, material and target
characteristics to obtain data wherein step b) 1s based on the
data.

71. The method as claimed 1n claim 70, wherein step d)
repeats steps a) through ¢) and step e) for each target until
the material of all targets within the field are processed.

72. A high-speed, precision system for processing mate-

rial of at least one target having predetermined dimensions
and a characteristic within a field, the system comprising:

a laser source for generating at least one laser beam along
one or more propagation paths and having an irradiance
pattern with an aspect ratio and an orientation 1n a plane
substantially perpendicular to the one or more propa-
gation paths;

a controller for generating control signals including ori-
entation control signals based on the characteristic;

a subsystem disposed 1n each propagation path for shap-
ing the at least one laser beam based on the predeter-
mined dimensions to change the aspect ratio and obtain
at least one modified beam:;

a second subsystem for controllably changing the orien-
tation of the 1rradiance pattern based on the orientation
control signals; and

a beam delivery and focusing subsystem for sequentially
positioning and focusing each of the at least one
modified beams into at least one well-focused spot on
cach target to process the material of each target.

73. The system as claimed in claim 72, wherein the first
subsystem 1includes an ellipse generator and wherein the
irradiance pattern of the at least one modified beam 1s an
elliptical irradiance pattern and the at least one well-focused
spot 1s at least one well-focused elliptical spot.

74. The system as claimed in claim 73, wherein the
second subsystem 1ncludes a beam rotator for rotating the at
least one modified beam.

75. The system as claimed in claim 72, wheremn the
processing includes semiconductor link removal, laser trim-
ming, laser drilling or laser etching.
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76. The system as claimed in claim 72, wherein the
system compensates for system errors that would result in an
out-of-round or an out-of-ellipse condition.

77. The system as claimed 1n claim 72, wherein the first
subsystem includes an adaptive optical element.

78. A method for processing at least one microstructure
which 1s part of a multi-material device containing a plu-
rality of microstructures, the at least one microstructure
having a designated region for target material removal, the
method comprising:

generating at least one laser beam;

modifying the at least one laser beam to obtain at least one
modified laser beam; and

sequentially and relatively positioning the at least one
modified laser beam 1into at least one non-round spot
having a predetermined non-round energy distribution
on the designated region to remove the target material
in the designated region wherein the predetermined
non-round energy distribution covers an area of the
designated region such that energy 1s more efliciently
coupled into the designated region for the non-round
energy distribution than energy coupled into the des-

ignated region for a round energy distribution covering
the same area.

79. The method of claim 78, wherein the at least one
microstructure has a rectangular shape with a dimension less
than 1 micron 1 a narrow dimension of the rectangular
shape.

80. The method of claim 78, wherein the step of posi-
tioning 1s repeated to process a plurality of microstructures
within a field with a plurality of non-round spots having a
corresponding plurality of predetermined non-round energy
distributions.

81. The method of claim 80, wherein each non-round spot
has an orientation and each microstructure has an orientation
and wherein the step of positioning includes aligning the
orientations of the non-round spots to corresponding orien-
tations of the microstructures.

82. The method of claim 80, wherein the processed
microstructures are metal links of a multi-material, redun-
dant memory device.

83. The method of claim 78, wherein the step of posi-
tioning includes the step of aligning an axis of the at least
one non-round spot with the at least one microstructure.

84. The method of claim 83, wherein the step of aligning
1s performed automatically and wherein the step of aligning
includes switching the at least one laser beam to one of a
plurality of optical paths.

85. The method of claim 84, wherein the at least one laser
beam 1s polarized and wherein the step of switching includes
controllably modifying the polarization of the at least one
laser beam.

86. The method of claim 84, wherein the step of switching
includes controllably moditying the at least one laser beam
with an anamorphic optical system.

87. The method claim 78, wherein the microstructures
contained 1n the device are regularly arranged in rows and
columns.

88. The method of claim 78, wherein the step of posi-
tioning includes the step of positioning the at least one
non-round spot with a low iertia beam detlector.
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89. The method of claim 78, wherein the step of posi-
tioming includes the step of positioning the at least one
non-round spot with a movable translation stage.

90. A system for processing at least one microstructure
which 1s part of a multi-maternial device containing a plu-
rality of microstructures, the at least one microstructure
having a designated region for target material removal, the
system comprising:

means for generating at least one laser beam:;

means for modifying the at least one laser beam to obtain
at least one modified laser beam; and

means for sequentially and relatively positioning the at
least one modified laser beam into at least one non-
round spot having a predetermined non-round energy
distribution on the designated region to remove the
target material in the designated region wherein the
predetermined non-round energy distribution covers an
arca of the designed region such that energy 1s more
ciliciently coupled into the designated region for the
non-round energy distribution than energy coupled into
the designated region for a round energy distribution
covering the same area.

91. The system of claim 90, wherein the predetermined
non-round energy distribution includes pre-specified char-
acteristics including an aspect ratio, a focused spot size, an
orientation, depth of focus and a focused 1rradiance distri-
bution.

92. A method of selectively removing material with a
precisely controlled laser ablation threshold, the method
comprising:

generating a laser beam along a propagation path;

controllably moditying the laser beam to obtain a modi-
fied laser beam; and

sequentially and relatively positioning the modified laser
beam into at least one elongated irradiance pattern
having a predetermined linear energy distribution to
remove material wherein a precisely controlled abla-
tion threshold allows for selective material removal and
wherein the at least one elongated irradiance pattern
has a set of desired spatial characteristics including an

adjustable aspect ratio which are obtained by the step of

controllably moditying.

93. The method as claimed in claim 92, wherein the step
of sequentially and relatively positioning delivers and
focuses the modified beam into a plurality of elongated
irradiance patterns extending along a row or column of the
material.

94. The method as claimed 1n claim 92, wherein the linear
energy distribution 1s a series of overlapping spots forming
a line.

95. The method as claimed in claim 92, wherein the step
of controllably moditying the laser beam 1ncludes detlecting
the laser beam between a plurality of optical paths.

96. The method of claim 92, wherein the step of control-
lably modifying the laser beam includes the step of switch-
ing the beam with an acousto-optic detlector.
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97. A system for selectively removing material with a
precisely controlled laser ablation threshold, the system
comprising;

a laser source for generating a laser beam along a propa-
gation path;

a controller for generating control signals;

a subsystem for controllably modifying the laser beam 1n
response to the control signals to obtain a modified
laser beam; and

a beam delivery and focusing subsystem for sequentially
and relatively positioning the modified laser beam into
at least one elongated irradiance pattern having a linear
energy distribution to remove material wherein a pre-
cisely controlled ablation threshold allows for selective
material removal and wherein the at least one elongated
irradiance pattern has a set of desired spatial charac-
teristics 1including an adjustable aspect ratio.

98. A method for processing at least one microstructure
which 1s part of a multi-material device containing a plu-
rality of microstructures, the at least one microstructure
having a designated region for target material removal by
selectively removing material with a precisely controlled
laser ablation threshold, the method comprising:

generating a laser beam along a propagation path;

controllably moditying the laser beam to obtain a modi-
fled laser beam: and

sequentially and relatively positioning the modified laser
beam into a plurality of overlapping well-focused spots
extending along one or more parallel lines to remove
material wheremn the overlapping well-focused spots
along one line 1s an elongated 1rradiance pattern having
a major axis and a minor axis wherein along the major
axi1s the elongated 1rradiance pattern 1s aligned with the
microstructure and wherein a precisely controlled abla-
tion threshold allows for selective material removal and
wherein the elongated irradiance pattern has a set of
desired spatial characteristics including an adjustable
aspect ratio which are obtained by the step of control-
lably modifying.
99. A high-speed, precision, laser-based method for pro-
cessing material of at least one target within a field, the
method comprising:

generating a laser beam along a propagation path;

controllably moditying the laser beam by switching
between multiple beam paths to obtain modified laser
beam; and

sequentially and relatively positioning the modified laser
beam into at least one well-focused spot at the at least
one target within the field to process the material of the
at least one target wherein the at least one well-focused
spot has a set of desired spatial characteristics including,
the alignment of an axis to a target which are obtained
by the step of controllably modifying.
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