
X-RAY RADIATION SOURCES WITH LOW NEUTRON EMISSIONS FOR RADIATION SCANNING
Field of the Invention [0001] X-ray radiation sources and, more
particularly, X-ray radiation sources with low neutron emissions for
radiation scanning of objects. Background of the Invention [0002] X-ray
radiation sources are commonly used in radiation inspection systems for
non-destructive inspection of objects. X-ray radiation may be generated in
such sources by the impact of a beam of accelerated electrons on a high
atomic number ("Z") target material, such as tungsten or tantalum. The
electrons are accelerated by a potential difference established across a
chamber, referred to as an acceleration energy. The deceleration of the
incident electrons by the nuclei of the atoms of the target material
generates radiation, referred to as Bremsstrahlung. A collimator is
provided to direct some of the generated radiation onto an object to be
inspected and to form the generated radiation into a beam of a desired size
and shape. One or more radiation detectors are provided to measure
radiation transmitted through and/or scattered from the object. The body of
the radiation source may also be shielded. In order to prevent radiation
from escaping the radiation inspection system, shielding is also provided
around the system as a whole. [0003] Small objects, such as luggage and
carry-on bags, are typically examined by radiation in the kilovolt range.
However, radiation in the kilovolt range may not penetrate objects thicker
than about 5 feet (1.52 meters), particularly if the object is filled with
dense material. Standard cargo containers are typically 20 - 50 feet long
(6.1 - 15.2 meters), 8 feet high (2.4 meters) and 6-9 feet wide (1.8 - 2.7
meters). Air cargo containers, which are used to contain a plurality of
pieces of luggage or other cargo to be stored in the body of an airplane,
may range in size (length, height, width (thickness)) from about 35 x 2 1 x
2 1 inches (0.89 x 0.53 x 0.53 meters) up to about 240 x 118 x 96 inches
(6.1 x 3.0 x 2.4 meters). Large collections of objects, such as many pieces
of luggage, may also be supported on a pallet. Pallets, which may have
supporting sidewalls, may be of comparable sizes as cargo containers, at
least when supporting objects. The term "cargo conveyance" is used to refer
to all types of cargo containers and comparably sized pallets (and other
such platforms) supporting objects.[0004] Higher energy radiation beams are
required to penetrate through denser materials than less dense materials
and through thicker materials than less thick materials. The low energies
used in typical X-ray luggage and bag scanners, described above, are
generally too low to penetrate through the much larger cargo containers,
particularly those with widths or thicknesses of 5 feet (1.5 meters) or
more. While the required energy level depends on the contents of the
container and the width of the container, radiation in the megavolt range
is typically required. 6 MeV to 10 MeV may be used, for example. 9 MeV is
commonly used because it will penetrate through most cargo containers,
regardless of the contents. However, high Z and medium Z metals commonly
used in X-ray radiation sources, such as tungsten, tantalum, and molybdenum
comprise stable isotopes having neutron production thresholds (the energy
required to remove a neutron from a nucleus of an atom of the isotope) in a
range of about 6 MeV to about 10 MeV. For example, the calculated neutron
production thresholds for the stable isotopes of tungsten range from 6.191
MeV to 8.415 MeV. The calculated neutron production threshold for the
stable isotope of tantalum is 7.651 MeV. The calculated neutron production
thresholds for the stable isotopes of molybdenum range from 7.369 MeV to
12.667 MeV. Since 6 MeV to 10 MeV is a common range to examine cargo
conveyances, neutrons are typically produced. [0005] Because of their
ability to absorb larger amounts of photons than lower atomic number metals
per unit volume, high Z metals, such as tungsten and lead, are 



also typically used to shield the target and collimate the radiation beam.
The stable isotopes of lead have calculated neutron production thresholds
of from 6.737 MeV to 8.394 MeV. The generated X-ray radiation used to
examine the objects has an energy above the neutron production threshold of
the shielding material and collimator, neutrons will also be produced.
[0006] Since neutrons may be harmful to people proximate the scanning
system, thicker shielding may be required to prevent the escape of neutrons
from the scanning system or the room containing the scanning system. This
may increase the size and cost of the system. Concrete walls are commonly
used to shield a room containing a scanning system, preventing or
decreasing the amount of neutrons and X-rays that may escape the room. If
space or other requirements prevent the use of concrete walls, then a
multi-layer wall may be used. For example, a thick wall of polyethylene or
borated polyethylene may be used as an inner layer to shield neutronsand
lead or steel may be used as an outer layer to shield X-rays. The outer
layer also shields gamma rays emitted by the polyethylene. [0007] Varian
Medical Systems, Inc., ("Varian") Palo Alto, California, sells X-ray
radiation sources for medical therapy supported by a rotatable gantry that
also supports a detector array. The gantry, the source, and the detector
comprise an integrated unit, which is sold under the trade name CLINAC(c).
The radiation source comprises a copper target and tungsten shielding.
Copper generates sufficient X-ray radiation for therapeutic purposes, and
is less expensive than tungsten. CLINACs(c) are available at 4 MeV, 6 MeV,
10 MeV and above. Copper has two stable isotopes, copper-65, with a
calculated neutron production threshold of 9.910 MeV, and copper-63, with a
calculated neutron production threshold of 10.852 MeV. Since in the 10 MeV
and above models of the CLINAC(r) the acceleration energy is above the
neutron production threshold of copper-65 and tungsten, neutrons are
produced. The collimator comprises a combination of tungsten and lead,
which will also generate neutrons. The tungsten shielding will generate
neutrons, as well. [0008] Efforts have been made to reduce neutron emission
from X-ray sources used in medical therapy, such as radiation treatment.
See, for example, Neutron Contamination from Medical Electron Accelerators,
NRCP Report No. 79, National Council on Radiation Protection and
Measurements, Bethesda, Maryland, pp. 59-60 (1995). It is said to be
difficult to reduce the number of neutrons produced per useful photon rad
of radiation, in the space available in existing sources. (Id.) It is noted
that neutron emission may be reduced by absorbing unwanted neutrons in a
medium Z material, such as iron, instead of tungsten or lead; but it is
also noted that much more iron is required than tungsten or lead and there
is insufficient space to take advantage of this reduction completely. (Id.)
[0009] Varian also sells a Linatron(r) series of X-ray sources that
generate X-ray radiation in the range of 1-10 MeV. In these sources, the
target is tungsten, typically in the form of a disk. A disk of copper is
attached to the downstream side of the tungsten, of the electron beam, to
dissipate heat and to act as a final electron stop for electrons passing
through the tungsten target. The tungsten target is the primary source of
X-ray radiation. It is believed that a small amount of X-ray radiation may
be generated by the copper disk as well, by the electrons passing through
the tungsten target. If the acceleration energy of the source is greater
than the neutron production threshold of the tungsten, neutrons may be
produced.Summary of the Invention [0010] In accordance with one embodiment
of the invention, a radiation source is disclosed comprising a housing and
an acceleration chamber within the housing. The acceleration chamber has a
peak acceleration energy greater than the neutron production threshold of
tantalum, during use. A source of charged particles is supported by the
housing to emit charged particles into the acceleration chamber. A target
is supported by the housing downstream of the acceleration chamber. Impact
of the target by the accelerated charged particles generates radiation. The
target consists 



essentially of at least one isotope having a neutron production threshold
greater than the peak acceleration energy. The peak acceleration energy may
be greater than about 7.7 MeV, for example. In a source with a peak
acceleration energy greater than the peak acceleration energy of tantalum,
targets comprising tungsten, tantalum, or molybdenum, which include
isotopes with neutron production thresholds less than the peak acceleration
energy, neutrons are generated. [0011] In one example, if the peak
acceleration energy is less than or equal to 8 MeV, the target is chosen
from the group consisting of at least one isotope of carbon, aluminum,
scandium, titanium, vanadium, manganese, cobalt, and copper. In another
example, if the peak acceleration energy is greater than 8 MeV and less
than or equal to 9 MeV, the target is chosen from the group consisting of
at least one isotope of aluminum, scandium, vanadium, manganese, cobalt,
and copper. In another example, if the peak acceleration energy is greater
than 9 MeV and less than or equal to 10 MeV, the target is chosen from the
group consisting of at least one isotope of aluminum, scandium, manganese,
and cobalt. In another example, if the peak acceleration energy is greater
than 10 MeV and less than 1 1 MeV, the target is chosen from the group
consisting of at least one isotope of scandium and aluminum. In another
example, if the peak acceleration energy is greater than 11 and less than
about 13.1 MeV, the target is aluminum. Copper is a preferred material if
the peak acceleration energy is less than about 9.9 MeV. [0012] The
radiation source may further comprise a collimator, target shielding, and
housing shielding. Any or all of these components may also comprise at
least one isotope having a neutron production threshold greater than the
peak acceleration energy. [0013] In accordance with other embodiments of
the invention, a radiation source is disclosed comprising a housing and an
acceleration chamber within thehousing. The acceleration chamber has a peak
acceleration energy greater than the lowest neutron production threshold of
tungsten, during use. A source of charged particles is supported by the
housing to emit charged particles into the acceleration chamber. A target
is supported by the housing downstream of the acceleration chamber. The
peak acceleration energy may be greater than the lowest neutron production
threshold of molybdenum or tantalum, as well. The peak acceleration energy
may be greater than about 6.2 MeV, 6.8 MeV, or 7.7 MeV. In a collimator
embodiment, a collimator is coupled to the housing, proximate the target
material, and the collimator comprises at least one isotope having a
neutron production threshold greater than the peak acceleration energy. In
a target shielding embodiment, target shielding surrounds at least a
portion of the target, and the target shielding comprises at least one
isotope having a neutron production threshold greater than the peak
acceleration energy. [0014] It is noted that some of the advantages of the
present invention may be obtained if only certain components of the source
consist essentially of at least one isotope having a neutron production
threshold greater than the peak acceleration energy of the source.
Therefore, in the collimator embodiment, the collimator may comprise at
least one first section consisting essentially of at least one isotope
having a neutron production threshold greater than the peak acceleration
energy and at least one second section comprising at least one isotope
having a neutron production threshold greater than the peak acceleration
energy. In the target shielding embodiment, the target shielding may
comprise at least one first section consisting essentially of at least one
isotope having a neutron production threshold greater than the peak
acceleration energy and at least one second section comprising at least one
isotope having a neutron production threshold greater than the peak
acceleration energy. In either case, neutron production is reduced as
compared to the use of prior art collimators and target shielding in
radiation sources. The collimator and/or the target shielding may comprise
copper. 



[0015] In accordance with another embodiment, a radiation source is
disclosed comprising a housing and an accelerator chamber within the
housing. In this embodiment, the acceleration chamber has a peak
acceleration energy of less than the lowest neutron production threshold of
copper. A source of charged particles is supported by the housing to emit
charged particles into the accelerator chamber and a target is supported by
the housing, downstream of the accelerator chamber. Acollimator is coupled
to the housing proximate the target. Target shielding at least partially
surrounds the target to shield the target. The target, the collimator, and
the target shielding comprise copper. The peak acceleration energy may be
less than about 9.9 MeV, for example. The peak acceleration energy may be
less than or equal to about 9 MeV. The peak acceleration energy may be
greater than the lowest neutron production threshold of tungsten,
molybdenum, or tantalum, as well. The peak acceleration energy may be
greater than about 6.1 MeV, 6.8 MeV, or 7.7 MeV. [0016] The collimator may
comprise a first section consisting essentially of copper, proximate the
target, and a second section comprising at least one isotope having a
neutron production threshold less than the peak acceleration energy,
downstream of the first section. The target shielding may comprise a first
section consisting essentially of copper, proximate the target and a second
section comprising at least one isotope having a neutron production
threshold less than the peak acceleration energy, upstream of the first
section. The source may further comprise housing shielding to shield the
housing, wherein the housing shielding comprises copper. Lead shielding may
surround at least a portion of the collimator and the target shielding.
[0017] In accordance with another embodiment of the invention, a radiation
source is disclosed, as above, wherein the target consists essentially of a
low atomic number material comprising at least one isotope having a neutron
production threshold greater than the peak acceleration energy of the
source. [0018] In accordance with another embodiment of the invention, a
method of generating radiation is disclosed comprising accelerating charged
particles to a peak acceleration energy greater than the lowest neutron
production threshold of tantalum and colliding the charged particles with a
target consisting essentially of at least one isotope having a neutron
production threshold less than the peak acceleration energy. The method
further comprises generating radiation from the collision of the charged
particles with the target, without generating neutrons. The method may
further comprise collimating the generated radiation by a collimator
comprising at least one isotope having a neutron production threshold
greater than the peak acceleration energy. The method may further comprise
shielding the target with shielding material comprising at least one
isotope having a neutron production threshold greater than the peak
acceleration energy. The method may further comprise shielding the housing
with shielding material comprising at least one isotope having a neutron
productionthreshold greater than the peak acceleration energy. The peak
acceleration energy may be greater than about 7.7 MeV, for example. [0019]
In accordance with another embodiment of the invention, a system for
examining a cargo conveyance is disclosed comprising a radiation source
positioned to irradiate an object and a detector to receive radiation after
interacting with the object. The radiation source comprises a housing and
an acceleration chamber supported by the housing. The acceleration chamber
has a peak acceleration energy less than the lowest neutron production
threshold of copper and greater than the lowest neutron production
threshold of tungsten. The peak acceleration energy may be less than about
9.9 MeV, for example. The peak acceleration energy may be greater than 6.1
MeV, for example. A source of charged particles is supported by the housing
to emit charged particles into the acceleration chamber and a target is
supported by the housing downstream of the acceleration chamber. The target
consists essentially of at least one isotope of copper. Other isotopes of
other materials that will not generate neutrons at the peak acceleration
energy of the source, may be 



included, without materially affecting the basic characteristics of the
target with respect to neutron production. A collimator is coupled to the
housing and target shielding is supported by the housing, partially around
the target. Either or both of the collimator and the target shielding also
comprises copper. The system may further comprise shielding material over
at least a portion of the housing, which also comprises at least one
isotope having a peak production threshold less than the peak acceleration
energy. A conveyor adapted to support and convey a cargo conveyance may
also be provided. The cargo conveyance may be greater than or equal to 5
feet thick. The cargo conveyance may be a standard cargo conveyance. The
peak acceleration energy may be at least about 6.2 MeV. The peak
acceleration energy may be at least about 7.7 MeV. [0020] In accordance
with another embodiment of the invention, a method of manufacturing a
radiation source is disclosed comprising selecting for at least one of a
target, a collimator, and target shielding (in other words, the target, the
collimator, and/or the target shielding) at least one isotope having a
neutron production threshold less than a peak acceleration energy of the
source and assembling the source including the selected material. The
method may further comprise selecting housing shielding material consisting
essentially of at least one isotope having a neutron productionthreshold
less than the peak acceleration energy and assembling the source with the
selected housing shielding material. [0021] The method may further comprise
preparing a preliminary design for a radiation source to meet, at least,
neutron production requirements, inputting the preliminary design into a
simulation to predict neutron production, and receiving an output of the
simulation. If the output does not meet requirements, the method may
further comprise adjusting the design and inputting the adjusted design
into the simulation to predict neutron production. The method may further
comprise preparing the preliminary design based on size requirements and/or
X-ray radiation generation requirements. [0022] As used herein, the term
"about" refers to differences due to round off errors and typical
measurement capabilities; the term "at least one of means "any one or more
of the following"; the term "consisting essentially of means that isotopes
of other materials that will not generate neutrons at the peak acceleration
energy of the source, may be included; and the term "peak acceleration
energy" means "maximum" acceleration energy. Brief Description of the
Drawings [0023] Fig. 1 is a schematic cross-sectional view of an example of
a radiation source in accordance with an embodiment of the invention;
[0024] Fig. 2 is a graph showing the neutron production thresholds for
isotopes with the lowest threshold, for a number of materials; [0025] Fig.
3 is an example of a method of manufacturing an X-ray radiation source with
no neutron production, in accordance with an embodiment of the invention;
[0026] Fig. 4 is an example of a cylindrical X-ray head for use in an X-ray
source, in accordance with an embodiment of the invention; [0027] Fig. 5 is
a cross-sectional, perspective view of the X-ray head of Fig. 4; [0028]
Fig. 6 is an enlarged cross-sectional view of the target assembly of Fig.
5; [0029] Fig. 7 is an example of an iterative process to design a source
in accordance with another embodiment of the invention; and [0030] Fig. 8
is a front view of a cargo scanning system, in accordance with an
embodiment of the invention.Description of the Preferred Embodiments [0031]
In accordance with embodiments of the invention, radiation sources, such as
X-ray radiation sources, provide no neutron production or reduced neutron
production as compared to radiation sources comprising typical materials
for the 



source, collimator, and/or shielding by using materials with neutron
production thresholds above the peak acceleration energy of the source. (As
mentioned above, here, the term "peak acceleration energy" means "maximum"
acceleration energy.) For example, an X-ray source with a peak acceleration
energy of less than about 9.9 MeV, comprising a copper target, a copper
collimator, and copper shielding of the target and housing, will generate
no neutrons. Where it is not feasible to use only materials with neutron
production thresholds below the peak acceleration energy of the source due
to size, weight, and/or cost constraints, neutron production may be reduced
by using such materials for all or part of certain components. By proper
selection of materials, no or reduced neutron production may be provided in
radiation sources with peak acceleration energies, and hence peak radiation
energies, in the range of from about 6.2 MeV to less than about 13.1 MeV.
[0032] One of the advantages of reduced or no neutron production is that
the physical size of the shielding of the source and the scanning system as
a whole, including the room containing the scanning system, may be reduced.
Also, the risk of activation of certain materials of or within the object
under test and the scanning room by neutron capture reactions, may also be
reduced. [0033] The class of materials that may be used is referred to
herein as "low atomic number materials" or "low Z materials" because those
materials have atomic numbers ("Z") significantly less than that of
tungsten (Z=74), tantalum (Z=73), lead (Z=82), and molybdenum (42), the
common materials used in the prior art. Copper, for example, has an atomic
number of 29. In one example, the low Z material may have an atomic number
Z of 30 or less. Appropriate low atomic number materials for a particular
application have their lowest neutron production threshold greater than the
peak acceleration energy of the source, so that no neutrons are generated
by that material. [0034] It has been found that due to their size
differences, more neutrons may be generated by the shielding and collimator
materials than by the target. It is also noted that not all low Z materials
are appropriate in the preferred peak acceleration range for examining
cargo conveyances of from about 6 MeV to 10 MeV, which is auseful range for
examining cargo conveyances, which can be greater than 5 feet (1.524
meters) thick. Beryllium, for example, with an atomic number of 4, has the
lowest neutron production threshold of all elements at 1.665 MeV. [0035]
Fig. 1 is a schematic cross-sectional view of an example of a radiation
source 100, such as an X-ray linear accelerator, in accordance with an
embodiment of the present invention. The linear accelerator 100 comprises a
housing 110 defining an acceleration chamber 120. The housing defines an
input 125 and an output 130. A target 140 is supported in or near the
output 130 of the housing 110. The target 140 is a material that generates
Bremsstrahlung radiation in response to impact by accelerated charged
particles. In one example, the target 140 preferably consists essentially
of isotopes of a low Z material having a neutron production threshold less
than the acceleration potential of the acceleration chamber 120. Copper may
be used, for example. An electron gun 150 extends through the input 125.
The electron gun comprises a filament 160, which is suspended in the
acceleration chamber 120. A magnetron 165 is coupled to the acceleration
chamber 120 to create an electromagnetic field within the acceleration
chamber. The electromagnetic field accelerates electrons generated by the
filament 160 to a desired energy level within the acceleration chamber 120.
The accelerated electrons form an electron beam 170 that strikes the target
140 in the output 130, causing the emission of photons in the form of a
beam of X-ray radiation 175. The housing 110 may comprise a thin copper
wall, for example. [0036] In this example, the target shielding material
180 circumferentially surrounds the target 140, to prevent the escape of
X-ray radiation in a direction perpendicular to the electron beam. Housing
shielding 182 may be provided around 



the housing 110, if needed. The need for housing shielding 182 may depend
on the accelerator design, the target shielding 180, and the required level
of attenuation. If the accelerator uses a solenoid or otherwise narrowly
focuses the electron beam on the target 140, and/or required attenuation is
low, housing shielding may not be needed to shield stray electrons. If the
target shielding 180 extends sufficiently behind the target, then the
housing shielding 182 may not be needed to shield radiation emitted behind
the target. The embodiment of Figs. 4-6 shows such a design. In accordance
with this embodiment of the invention, all or a portion of the target
shielding 180 and the housing shielding 182, if present, also comprise
isotopes of appropriate low Z materials having a neutron production
threshold less than the peak accelerationenergy of the source, to avoid the
generation of neutrons by the shielding, although that is not required.
Copper may be used, for example. The target shielding 180 and the housing
shielding 182 may be a single piece or one or more separate pieces of
material. The shielding materials 180 and 182 may be the same or different.
[0037] A collimator 190 is coupled to a distal end of the housing 110. It
may be connected to the target shielding 182 and to the housing shielding
182, for example. The material of the collimator 190 defines a passage 195
to allow passage of the radiation 175. The passage is shaped to define the
radiation beam 175. In accordance with this embodiment, all or a portion of
the collimator 190 is composed of isotopes of a low Z material to avoid the
generation of neutrons, although that is also not required. Copper may be
used, for example. The collimator 190 may also comprise a single piece of
material or multiple pieces. [0038] The thicknesses of the shielding
material 180, 182 and the collimator 190 may vary in different locations on
the linear accelerator 100. At peak energies above 1 MeV, the intensity of
the radiation emitted from the target is greatest in the forward direction,
along the axis of the path of the electron beam 170 through the target 140.
The intensity decreases as the angle from the axis increases. The
collimator 190 may therefore be thicker than the shielding material 180,
182. The shielding material 180, 182 may also be thicker at angles closer
to the axis, as is known in the art. When the target 140 is made of an
appropriate low Z material, with a neutron production threshold above the
peak acceleration energy of the source, the shielding 180, 182 and the
collimator 190 need not be as thick as when the target is a high Z material
because neutrons need not be shielded. [0039] The different components of
the source 100 may comprise different materials. For example, a natural
copper target 140, a natural copper shielding 180a, 180b, and a natural
iron collimator 190 may be used in an X-ray source 100 operating at a peak
energy less than the neutron production threshold of iron-57 of 7.646 MeV.
[0040] A low Z material may have different stable isotopes with different
neutron production thresholds. The isotopic composition of the low Z
material therefore has to be considered when selecting appropriate
materials for the target 140, shielding 180, 182, and collimator 190 to
achieve a desired reduction or elimination of neutrons. To avoid all
neutron production, the target 140, shielding 180, 182 and collimating
materials 190 are selected such that the neutron production threshold
forall isotopes exceeds the peak energy of the particular radiation source.
In one example, naturally occurring copper comprises 69.17% of copper-63,
which has a calculated neutron production threshold of 10.852 MeV, and
30.83% of copper-65, which has a calculated neutron production threshold of
9.910 MeV. Naturally occurring copper may therefore be used as a target
140, shielding 180, 182, and collimator 190 material for sources operating
at a peak acceleration energy below 9.910 MeV, for zero neutron production.
Isotopically pure copper-63 can be used as a target 140, shielding 180,
182, and collimator 190 material for sources operating at a peak
acceleration energy below 10.852 MeV. [0041] In another example, naturally
occurring iron comprises 91.75% iron- 56, having a calculated neutron
production threshold of 11.197 MeV, 5.85% iron-54, having a calculated
neutron production threshold of 13.37 MeV, 2.12% iron-57, 



having a calculated neutron production threshold of 7.646 MeV, and 0.28%
iron-58, having a calculated neutron production threshold of 10.044 MeV.
Hence, if naturallyoccurring iron is used as a target 140, shielding 180,
182, and collimator 190, an X-ray source operating at a peak acceleration
energy of less than 7.646 MeV will not generate neutrons. Isotopically pure
iron shielding consisting of only iron-56 could be used as a target 140,
shielding 180a, 180b, and collimator 190 in X-ray sources 100 operating at
peak acceleration energies up to 11.197 MeV without generating neutrons.
[0042] It is noted that if an iron target is used in an X-ray source
operating up to (but less than) 10.044 MeV, only about 2.12% of the target
140, shielding 180, 182, and collimator 190 would generate neutrons.
Therefore, at a peak energy of less than 10.044 MeV, a naturally occurring
iron target 140, shielding 180, 182, and collimator 190 would provide a
significantly reduced amount of neutron production, as compared to the use
of tungsten, but would not eliminate it. If some amount of neutron
generation may be tolerated, but less neutron generation is desired than if
tungsten, tantalum, molybdenum, or lead are used, metals may be chosen that
provide certain isotopes having neutron production thresholds below the
peak energy of the source and certain isotopes having neutron production
thresholds above the peak energy of the source. For example, in a source
having a peak acceleration energy of 8.5 MeV, the following materials may
be used for the target 140, the shielding 180, 182, and the collimator 190:
magnesium (10% of which consists of magnesium-24 having a calculated
neutron production threshold of 7.331 MeV), iron (2.12% ofwhich consists of
iron-57 having a calculated neutron production threshold of 7.646 MeV),
nickel (3.63% of which consists of nickel-61 having a calculated neutron
production threshold of 7.82 MeV), and zinc (4.10% of which consists of
zinc-67 having a calculated neutron production threshold of 7.051 MeV).
Different materials from this group may be used for the target 140, the
shielding 180, 182, and the collimator 190. Such reductions could also be
advantageous in particular applications. Shielding requirements may be
reduced, for example. [0043] In another example of a configuration that
will reduce but not necessarily completely eliminate neutron production,
certain components, such as the target 140, for example, may be an
appropriate low Z material, while one or more other components, such as the
collimator 190, the target shielding 180, and/or the housing shielding 182
may comprise high Z materials that may generate neutrons, such as tungsten,
tantalum or lead, for example. Use of tungsten, tantalum, lead, or other
such materials may provide better X-ray radiation generation or shielding,
and may therefore be needed for certain components, or part of certain
components, to meet performance and size requirements for the source, for
example, as discussed below. Therefore, in accordance with another
embodiment of the invention, neutron production is reduced by use of an
appropriate low Z material for at least one but not necessarily all
components, as compared to the use of tungsten, tantalum, molybdenum, or
lead for that component. [0044] Use of isotopically purified high Z atom
material as a target 140, shielding 180, 182, and/or collimator 190 may
also decrease or eliminate neutron generation, and provide some or all of
the benefits of the use of a high Z material. For example, isotopically
pure tungsten- 182, which has a calculated neutron production threshold of
8.064 MeV, can be used in a source having a peak acceleration energy less
than 8.064 MeV, without producing neutrons. Isotopically pure
molybdenum-94, which has a peak acceleration energy of 9.677 MeV, can be
used in a source having a peak acceleration energy less than 9.677 MeV,
without producing neutrons. Mixtures of appropriate isotopes that are above
the peak acceleration energy can be used, as well. For example, a mixture
of molybdenum-96 and molybdenum-94 can be used in a source having a peak
acceleration energy less than 8.064 MeV without producing neutrons. 



[0045] While typically a metal, the target 140, shielding 180, 182, and/or
the collimator 190 may be a non-metal, such as carbon. One stable isotope
of carbon,carbon-13, which has an abundance of only 1.1 1%, has a
calculated neutron production threshold of 8.071 MeV. The other stable
isotope of carbon, carbon-12, which has an abundance of 98.89%, has a
calculated neutron production threshold of 18.721 MeV. A source with a peak
acceleration energy of less than 8.071 MeV would generate no neutrons,
while in a source operating at above 8.071 and less than 18.721, only 1.1
1% of the carbon (the carbon-13) would generate neutrons. Preferably, a
stable form of carbon is used, such as graphite or diamond, for example.
[0046] As is known in the art, the neutron production threshold for every
isotope of a metal, including low atomic number metals, can be calculated
according to the following equation: Threshold (MeV) = (Mass Excess (Z,
A-I) + Neutron Mass Excess) - Mass Excess (Z, A). [0047] In the equation
above, Z is an atomic number of an atom of an element; A is a mass number
(sum of the number of protons and neutrons) of an atom of the element; (Z,
A) is an original isotope of an atom of the element (before it loses a
neutron as a result of interacting with an X-ray radiation); and (Z, A-I)
is a mass of an atom of a resulting isotope of the element after loss of
one neutron. Mass Excess (Z, A-I) is the equivalent energy of the mass of
the resulting isotope, as compared to carbon-12, which has a mass excess of
0 MeV. The Neutron Mass Excess is a constant equal to 8.071 MeV, which is
the energy of the difference between the neutron mass of a particular
isotope and the neutron mass of carbon-12, which is set at 0 MeV. The Mass
Excess (Z, A) is the equivalent energy of the mass excess of the initial
isotope. Mass instead of Mass Excess may be used to determine the threshold
as well, as is known in the art. [0048] For example, the neutron production
threshold for magnesium-24 is calculated as follows. Magnesium-24 is an
original isotope which, after interaction with a beam of X-ray photons,
emits one neutron and becomes magnesium-23, a resulting isotope. The mass
excess (Z, A-I) of magnesium-23 (-5.473 MeV) is added to neutron mass
excess (8.071 MeV). The mass excess (Z, A) of magnesium-24 is then
subtracted (-13.933 MeV), yielding a neutron production threshold of 16.531
MeV, as shown below: (-5.473 MeV + 8.071 MeV) - (-13.933 MeV) = 16.531 MeV.
[0049] Large negative mass excesses (Z, A) show that the protons and
neutrons in a nucleus of an atom are tightly bound together. An amount of
externalenergy exceeding the absolute value of the negative mass excess is
necessary to remove one neutron from the nucleus. In other words, the
neutron production threshold of a particular isotope is a minimum energy a
photon needs to have to emit one neutron from a nucleus of that isotope.
[0050] Calculated neutron production thresholds for each isotope of several
materials are summarized in Table I, below. In Table I, some abundances may
not add to 100%, due to round off errors. Abundance information is not
provided for unstable isotopes. Neutron production thresholds for isotopes
of elements ranging from beryllium to uranium may also be found in Neutron
Contamination from Medical Electron Accelerators, National Council on
Radiation Protection and Measurements, Bethesda, Maryland, pp. 18-23
(1995), where they are referred to as "separation energies."Table
IPOLISHING PAD COMPRISING MAGNETICALLY SENSITIVE PARTICLES AND METHOD FOR
THE USE THEREOF FIELD OF THE INVENTION [0001] This invention pertains to a
polishing pad that is useful for chemical-mechanical polishing. BACKGROUND
OF THE INVENTION [0002] Chemical-mechanical polishing ("CMP") processes are
used in the manufacturing of microelectronic devices to form flat surfaces
on semiconductor wafers, 



integrated circuits, field emission displays, and many other
microelectronic substrates. For example, the manufacture of semiconductor
devices generally involves the formation of various process layers,
selective removal or patterning of portions of those layers, and deposition
of yet additional process layers above the surface of a semiconducting
substrate to form an integrated circuit. The process layers can include, by
way of example, insulation layers, gate oxide layers, conductive layers,
and layers of metal or glass, etc. It is generally desirable in certain
steps of the process that the uppermost surface of the process layers be
planar, i.e., flat, for the deposition of subsequent layers. CMP is used to
planarize process layers wherein a deposited material, such as a conductive
or insulating material, is polished to planarize the wafer for subsequent
process steps. [0003] In a typical CMP process, a wafer is mounted upside
down on a carrier in a CMP tool. A force pushes the carrier and the wafer
downward toward a polishing pad. The carrier and the wafer are rotated
above the rotating polishing pad on the CMP tool's polishing table. A
polishing composition (also referred to as a polishing slurry) generally is
introduced between the rotating wafer and the rotating polishing pad during
the polishing process. The polishing composition typically contains a
chemical that interacts with or dissolves portions of the uppermost wafer
layer(s) and an abrasive material that physically removes portions of the
layer(s). The wafer and the polishing pad can be rotated in the same
direction or in opposite directions, whichever is desirable for the
particular polishing process being carried out. The carrier can also
oscillate across the polishing pad on the polishing table. [0004] Polishing
pads used in chemical-mechanical polishing processes are manufactured using
both soft and rigid pad materials, which include
polymer-impregnatedfabrics, microporous films, cellular polymer foams,
non-porous polymer sheets, and sintered thermoplastic particles. A pad
containing a polyurethane resin impregnated into a polyester non-woven
fabric is illustrative of a polymer-impregnated fabric polishing pad.
[0005] Despite the attention that has been directed towards improvement of
polishing pads for CMP, the polishing pads are typically fixed elements in
the CMP process. That is, once a polishing pad has been selected and placed
into use, the physical characteristics of the polishing pad cannot be
altered during the course of chemical-mechanical polishing operations.
However, the surface characteristics of the polishing substrate undergo
changes as the surface is polished and approaches planarity. Consequently,
there remains a need for a polishing pad, a polishing system, and a
polishing method that allows for control of the polishing pad
characteristics during the polishing operation. [0006] The invention
provides such a polishing pad, system, and method. These and other
advantages of the invention, as well as additional inventive features, will
be apparent from the description of the invention provided herein. BRIEF
SUMMARY OF THE INVENTION [0007] The invention provides a polishing pad
comprising a deformable polishing pad body and magnetically sensitive
particles dispersed therein, wherein one or more properties of the
polishing pad are altered when in the presence of an applied magnetic
field. The invention also provides a polishing system comprising (a) a
polishing pad comprising a deformable polishing pad body and magnetically
sensitive particles dispersed therein, wherein one or more properties of
the polishing pad are altered when in the presence of an applied magnetic
field, and (b) an adjustable-strength magnetic field positioned proximate
to the polishing pad. The invention further provides a method of polishing
a substrate comprising (a) providing a polishing pad comprising a
deformable polishing pad body and magnetically sensitive particles
dispersed therein, wherein one or more properties of the polishing pad are
altered when in the presence of an applied magnetic field, (b) contacting
the polishing pad with a substrate, (c) applying a magnetic field to the
polishing pad, and (d) moving the polishing pad relative to the substrate,
thereby polishing the substrate.DETAILED DESCRIPTION OF THE INVENTION
[0008] The invention provides a polishing pad comprising a deformable
polishing pad body and magnetically sensitive particles dispersed therein,
wherein one or more properties of the polishing pad are altered when in the
presence of an applied magnetic field. When a 



magnetic field is applied to the polishing pad of the invention, the
magnetically sensitive particles contained within the deformable polishing
pad body are repulsed by or attracted to the magnetic field and exert a
force upon the deformable polishing pad body. This force causes the
polishing pad body to deform (e.g., expand or contract in one or more
dimensions), which alters one or more properties of the polishing pad
comprising the deformable polishing pad body. The polishing pad of the
invention, thus, allows a user to customize the properties of the polishing
pad during use by applying a magnetic field to the polishing pad. [0009]
The term "applied magnetic field," as used herein, refers to a magnetic
field applied to the polishing pad of the invention in addition to any
natural magnetic field (e.g., the earth's magnetic field) that may be
present at the particular location in which the polishing pad is used. The
term "magnetically sensitive particles," as used herein, refers to any
particle that is attracted to, or repulsed by, the applied magnetic field.
[0010] The magnetically sensitive particles can comprise inorganic
particles, organic particles, or a mixture of inorganic and organic
particles. Inorganic magnetically sensitive particles are well known in the
art, and include Fe3O4, Nd-Fe-B, Ba-Sr ferrite, Ni-Zn-Cu ferrite, SmCo , Sm
Co]7, iron, steel, and mixtures thereof. Organic (or metal-organic)
magnetically sensitive particles useful in accordance with the present
invention include those described in "Metal-Organic and Organic Molecular
Magnets", editors P. Day and A. F. Underhill (The Royal Society of
Chemistry, Cambridge, 1999) and "Organic Conductors, Superconductors and
Magnets: From Synthesis to Molecular Electronics", editors Lahcene Ouahab
and Eduard Yagubskii (Kluwer Academic Publishers, 2004). Preferably, the
organic or metal-organic particles are selected from the group consisting
of V[tetracyanoethylene]- 2, V[Cr(CN)]_0.9, Cr(tetracyanoethylene) 2,
KV[Cr(CN)6], and C-60 fullerene, any of which can further comprise
molecules of salvation depending upon the method of synthesis (e.g.,
V[Cr(CN)]~0.9 2.8 H2O, KV[Cr(CN)6] 2 H2O, and the like). [0011] While the
magnetically sensitive particles may be used without any particular
treatment, in some instances it may be desirable to coat the particles, for
example, toimprove the dispersibility or adherence of the magnetically
sensitive particles in the material of the deformable polishing pad. Any
suitable coating can be used provided that the coating does not
substantially interfere with or eliminate the magnetic sensitivity of the
particles. Useful coatings include polymer coatings, such as coatings
comprising polyurethane, nylon, polyethylene, or any other polymer that
imparts a desired property to the particles. [0012] The deformable
polishing pad body can comprise any suitable amount of magnetically
sensitive particles. The amount of magnetically sensitive particles will
affect the degree to which the deformable polishing pad body responds to an
applied magnetic field. Increasing the amount of magnetically sensitive
particles will typically increase the degree to which the deformable
polishing pad body deforms in the presence of an applied magnetic field
and, thereby, increase the degree to which the properties of the polishing
pad are altered. Decreasing the amount of magnetically sensitive particles
generally has the opposite effect. The inventive polishing pad can comprise
0.1 wt.% or more (e.g., 5 wt.% or more, or 10 wt.% or more) of the
magnetically sensitive particles, such as 20 wt.% or more (e.g., 30 wt.% or
more), or 40 wt .% or more (e.g., 60 wt% or more) of the magnetically
sensitive particles. Typically, the inventive polishing pad will comprise
60 wt% or less of the magnetically sensitive particles, and can comprise 40
wt.% or less, such as 20 wt.% or less (e.g., 10 wt% or less, or 5 wt% or
less) of the magnetically sensitive particles. [0013] The magnetically
sensitive particles can have any suitable average particle diameter. As
used herein, the term "average particle diameter" refers to the average
diameter on a number basis. Typically, the magnetically sensitive particles
have an average particle diameter of 5 mm or less, such as 3 mm or less, or
even 1 mm or less. The average particle diameter of the magnetically
sensitive particles is generally within the range of 0.1 to 5 mm, such as
0.3 to 3 mm, or even 0.5 to 1 mm. The magnetically sensitive particles can 



have any suitable shape including spheres, rectangular solids, cubes,
flakes, acicular shapes, and mixtures thereof. [0014] The deformable
polishing pad body comprising the magnetically sensitive particles can be
made from any suitable material provided that it allows the properties of
the polishing pad to be altered when a magnetic field is applied as
compared to the properties of the polishing pad in the absence of the
magnetic field. The effect of an applied magneticfield on the properties of
the polishing pad will, of course, depend not only upon the material of the
polishing pad, but also upon the concentration of magnetically sensitive
particles present in the polishing pad and the strength of the applied
magnetic field. Accordingly, the choice of the particular material used
will depend upon the particular pad configuration and the desired
application. [0015] In general, the deformable polishing pad body will
comprise an elastomeric material, such as a natural or synthetic
elastomeric polymer. Suitable polymers include elastomers, polyurethanes,
polyolefms, polycarbonates, polyvinylalcohols, nylons, natural and
synthetic rubbers, styrenic polymers, polyaromatics, fluoropolymers,
polyimides, crosslinked polyurethanes, thermoset polyurethanes,
cross-linked polyolefins, polyethers, polyesters, polyacrylates,
elastomeric polyethylenes, copolymers and block copolymers thereof, and
mixtures and blends thereof. [0016] The polishing pad comprising the
deformable polishing pad body and magnetically sensitive particles can have
any suitable storage modulus. In the absence of an applied magnetic field,
the storage modulus of the polishing pad typically will be 100-1000 MPa,
such as 400-900 MPa or even 450-800 MPa (e.g. 500-700 MPa). The polishing
pad can be configured with a lower storage modulus, as may be appropriate
for certain applications. Thus, the polishing pad of the invention can have
a storage modulus of 350 MPa or less (e.g., 0.1 MPa to 350 MPa, such as 1
MPa to 350 MPa, or 10 MPa to 350 MPa, or even 100 MPa to 350 MPa). The
storage modulus of the polishing pad can be determined according to the
protocol reported in ASTM D790. [0017] The polishing pad comprising the
deformable polishing pad body and magnetically sensitive particles can have
any suitable compressibility. The compressibility is generally stated as a
percent-change in the thickness of the polishing pad under a given load
(e.g., the thickness of the polishing pad under a given load over the
original polishing pad thickness (no load) stated as a percent). A
preferred method for determining the compressibility of the polishing pad
comprises: (a) determining the thickness of the polishing pad without any
load applied (Dl), (b) applying a given load (e.g., 32 IcPa (4.7 psi)) to
the polishing pad for one minute to compress the polishing pad, (c)
determining the thickness of the compressed polishing pad (D2), and (d)
determining the percentcompressibility according to the following
relationship: percent-compressibility (%) = [(D1-D2)/D1] x 100.The
compressibility of the polishing pad can be determined with the assistance
of commercially available instruments (e.g., "Ames Meter" model BG2500-1-04
manufactured by B.C. Ames Inc.). In the absence of an applied magnetic
field, the average percent compressibility of the polishing pad under a
load of 32 kPa will generally be 2% or more, such as 4% or more, or even
10% or more (e.g., 15% or more, or even 20% or more). The compressibility
will generally be within the range of 2-50%, such as 4-40%, or 10-30%.
[0018] The polishing pad comprising the deformable polishing pad body and
magnetically sensitive particles can have any suitable resilience.
Resilience is typically recited as percent-rebound capacity. A preferred
method for determining the percentrebound capacity of a polishing pad
comprises: (a) determining the thickness of the polishing pad without any
load applied (Dl), (b) applying a given load (e.g., 32 IcPa (4.7 psi)) to
the polishing pad for one minute to compress the polishing pad, (c)
determining the thickness of the compressed polishing pad (D2), (d)
removing the load from the polishing pad and allowing the polishing pad to
rebound for one minute, (e) determining the thickness of the rebounded
polishing pad (D3), and (f) determining the percent-rebound capacity of the
polishing pad according to the following relationship: percent-rebound (%)
[(D3-D2)/(D1-D2)] x 100. 



As with compressibility, the percent-rebound of the polishing pad can be
determined with the assistance of commercially available instruments, such
as the aforementioned "Ames Meter." For most applications, it is desirable
that the polishing pad has a high percentrebound capacity in the absence of
an applied magnetic field. Thus, the polishing pad preferably has a
percent-rebound capacity, after application of a load of 32 IcPa (4.7 psi),
of 50% or more, such as 60% or more, or even 85% or more. Of course, lower
percentrebound capacities of 25% or more (e.g., 30% or more, or 40% or
more) may be suitable for some applications. [0019] The polishing pad
comprising the deformable polishing pad body and magnetically sensitive
particles can have any suitable hardness. Hardness can be measured
according to the Shore method using a durometer, for example, according to
ASTM D- 2240-95. Thus, the polishing pad of the invention can have a Shore
hardness of 4OA to 9OD. Generally, the Shore hardness of the polishing pad
in the absence of an applied magnetic field will be 9OD or less, such as
7OD or less, or even 50D or less (wherein the "D" designation represents
the hardness on the Shore "D" scale), and will be within therange of
40D-90D, such as 50D-80D. For applications in which softer polishing pads
are needed, the polishing pad of the invention can be configured with a
Shore hardness of 4OA or more (e.g., 4OA to 90A) or 60 A or more (e.g., 6OA
to 90 A) or even 7OA or more (e.g., 7OA to 90A). [0020] The polishing pad
comprising the deformable polishing pad body and magnetically sensitive
particles can be produced by any suitable method. Many such methods are
known in the art. Suitable methods include casting, cutting, reaction
injection molding, injection blow molding, compression molding, sintering,
thermoforming, or pressing the chosen material into a desired shape. The
polymer typically is a pre-formed polymer; however, the polymer also can be
formed in situ according to any suitable method, many of which are known in
the art (see, for example, Szycher's Handbook of Poyurethanes CRC Press:
New York, 1999, Chapter 3). For example, thermoplastic polyurethane can be
formed in situ by reaction of urethane prepolymers, such as isocyanate,
di-isocyanate, and tri-isocyanate prepolymers, with a prepolymer containing
an isocyanatereactive moiety. Suitable isocyanate-reactive moieties include
amines and polyols. Foam polymers, such as polyurethane foam polymers,
comprising primarily open-cells or closedcells, or a mixture of open and
closed cells, also can be used. Techniques for the use of foam polymers are
described in the art and include the mucell process, phase inversion
process, spinodal or bimodal decomposition process, and pressurized gas
injection process. Preferably, the polishing pads are produced using a
mucell process or a pressurized gas injection process. [0021] The polishing
pad and deformable polishing pad body comprising the magnetically sensitive
particles can have any suitable shape. Typically, the polishing pad and
deformable polishing pad body will have the shape of a belt, a disc or a
flat polygonal solid shape (e.g., rectangular solid) comprising two broad
surfaces providing front and rear "faces" and one or more edge surfaces on
the perimeter of the polishing pad and deformable polishing pad body. When
used in an apparatus that rotates the polishing pad and deformable
polishing pad body, the polishing pad and deformable polishing pad body
will have an axis of rotation perpendicular to the faces. [0022] The
magnetically sensitive particles are generally distributed in the material
of the deformable polishing pad body during the production of the pad. The
distribution of the magnetically sensitive particles can be effected in any
suitable manner. For example, thed magnetically sensitive particles can be
combined with the material of the deformable polishing pad by mixing or
blending prior to forming the material into the desired shape. [0023] The
magnetically sensitive particles can be distributed in the material of the
deformable polishing pad body evenly to provide a uniform distribution of
magnetically sensitive particles, or they can be distributed in a
non-uniform manner. For example, the magnetically sensitive particles can
be concentrated in a particular thickness of the deformable polishing pad
body, such as at or near one or both faces of the deformable 



polishing pad, or at the center of the thickness of the deformable
polishing pad body. The magnetically sensitive particles can also be
concentrated at one or more distances from the axis of rotation of the
deformable polishing pad body, such as at or near the perimeter of the
deformable polishing pad body, or closer to the axis of rotation.
Alternatively, the magnetically sensitive particles can be distributed in
selected areas of the polishing pad. Preferably, the magnetically sensitive
particles are distributed in the polishing pad in a manner that reduces the
edge effect during polishing (e.g., reduces the tendency of the edges of a
substrate to polish at a different rate from the rest of the substrate).
[0024] When distributed in a non-uniform manner, the magnetically sensitive
particles can be distributed in distinct concentrated areas, or can be
distributed along a concentration gradient. For example, the magnetically
sensitive particles can be present in highest concentration at the
perimeter of the deformable polishing pad body with a decreasing
concentration gradient towards the axis of rotation, or vice versa (e.g.,
the concentration being highest at the center of the pad and decreasing
towards the axis of rotation). The same types of gradients can be
established through the thickness of the pad as well. For example,
concentrations of magnetic particles can be highest at the faces and
decrease towards the center thickness, or vice versa. Alternatively, the
concentration of magnetic particles can steadily increase or decrease from
one face to the opposite face. The gradients of magnetically sensitive
particle concentration in the deformable polishing pad body can be linear
or non-linear. [0025] A non-uniform distribution of the magnetically
sensitive particles in the deformable polishing pad body can be
accomplished by any suitable method. For example, the settling properties
of different types or sizes of magnetically sensitive particles can be used
to establish concentration gradients in the material of the deformable
polishing pad prior to formation. Also, the deformable polishing pad body
can be formed using layers orsections having different concentrations of
magnetically sensitive particles. Alternatively, magnetically sensitive
particles can be embedded into the surface of a formed polishing pad in any
suitable pattern or gradient, followed by heating the material of the
deformable polishing pad body to its flow temperature, with the optional
application of pressure, to incorporate the particles into the material.
Other methods for the non-uniform distribution of particles in the
deformable polishing pad body will be readily apparent to those of ordinary
skill in the art. [0026] The polishing pad of the invention can be
configured as a top-pad or a subpad. In many polishing processes, the
top-pad is the polishing pad that actually makes contact with the surface
of the substrate being polished. Thus, the top-pad comprises a polishing
surface. The subpad underlies and supports the top-pad. When configured as
a top pad, the polishing pad of the invention is typically used in
conjunction with a subpad. Alternatively, when configured as a top pad, the
polishing pad of the invention is typically used in conjunction with a
subpad. [0027] The invention also encompasses a polishing pad configured as
a top pad in combination with a subpad, wherein either or both the subpad
or top pad can comprise the magnetically sensitive particles. In accordance
with this aspect of the invention, the top pad and subpad can be provided
by different layers of a single polymer sheet, or by separate polymer
sheets associated or bonded together. When the top pad and subpad are
provided by separate polymer sheets, the top pad polymer sheet and subpad
polymer sheet desirably are associated without the use of an adhesive
(e.g., without an intervening adhesive layer). For example, the top-pad
sheet and subpad sheet can be joined by welding (e.g., ultrasonic welding),
thermal bonding, radiation-activated bonding, lamination, or coextrusion.
Alternatively, the top pad and subpad can be provided by different layers
or parts of a single polymer sheet. For instance, a single-layer polymer
sheet can by subjected to a process that alters the physical properties of
one or both faces of the single-layer polymer sheet to provide a two-layer
polymer sheet, wherein one layer serves as the top-pad and the other layer
serves as the subpad. For example, a solid polymer sheet can be selectively
foamed such that porosity is introduced into one face of the polymer sheet,
resulting in a two-layer 



polymer sheet (e.g., two-layer polishing pad) having a porous layer that is
attached to a solid layer without the use of an adhesive. One of the layers
provides the top pad, and the other provides the subpad. One or both layers
of the polishing pad can comprise themagnetically sensitive particles.
According to any of the above configurations, the subpad is preferably
provided by a porous layer comprising the magnetically sensitive particles.
[0028] When configured as a top-pad/subpad combination, or as a one-piece
polishing pad, the polishing pad of the invention can further comprise a
polishing surface. The polishing surface can be provided by a separate
layer of material adhered or welded to the surface of the deformable
polishing pad body, or it can be provided by a surface of the deformable
polishing pad body. When the polishing surface is provided by a separate
layer of material, it can be adhered or welded to a surface of the
deformable polishing pad body by any suitable method, such as by way of
friction (e.g., no intervening layer), hook-loop type interlocking fabrics,
vacuum, magnetic forces, various adhesive compounds and tapes, "welding"
the layers using chemicals, heat, and/or pressure, or other various
methods. Typically, an intermediate backing layer such as a
polyethyleneterephthalate film is disposed between the polishing layer and
the subpad. This configuration of the polishing pad of the invention can,
optionally, be used in conjunction with a subpad. [0029] Whether provided
by a surface of the deformable polishing pad body, or by a separate layer
of material, the polishing surface can comprise any suitable material, such
as one or more of any of the polymers previously identified with respect to
the deformable polishing pad body. The material can be the same as or
different from the material of the deformable polishing pad body.
Typically, the polishing surface comprises a non-porous polyurethane.
[0030] The polishing surface can further comprise grooves, channels, and/or
perforations, which facilitate the lateral transport of polishing
compositions across the surface of the polishing pad. Such grooves,
channels, or perforations can be in any suitable pattern and can have any
suitable depth and width. The polishing surface can have two or more
different groove patterns, such as a combination of large grooves and small
grooves as described in U.S. Patent 5,489,233. Examples of suitable groove
patterns include slanted grooves, concentric grooves, spiral or circular
grooves, and XY Crosshatch patterns, which can be continuous or
non-continuous in connectivity. Preferably, the polishing surface comprises
at least small grooves produced by standard pad-conditioning methods.
[0031] The polishing surface can be free of magnetically sensitive
particles, or can comprise magnetically sensitive particles in any suitable
amount. The concentration and distribution of magnetically sensitive
particles in the polishing surface can be configured inthe same manner
previously described with respect to the deformable polishing pad body. In
a given polishing pad according to the invention, the concentration and
distribution of magnetically sensitive particles in the polishing surface
can be the same as or different from that of the deformable polishing pad
body. [0032] When the polishing surface comprises magnetically sensitive
particles, the particles are preferably coated to prevent any particles
that become exposed during polishing from scratching the surface of the
substrate. Alternatively, the magnetically sensitive particles used in the
polishing surface can be made of a material that will not scratch the
surface of a substrate being polished, such as non-abrasive metal-organic
or organic particles. Whether a given type of non-abrasive particle is
abrasive or non-abrasive must be determined with respect to the particular
type of substrate being polished. The magnetically sensitive particles will
typically be positioned in the polishing pad such that they do not protrude
from the surface of the polishing pad during polishing. However, the
magnetically sensitive particles can be positioned in the polishing pad
such that they do protrude from the surface in order to provide an abrasive
polishing surface. When in the presence of a magnetic field, the
magnetically sensitive particles protruding from the surface of the
polishing pad serve the dual purposes of providing a fixed abrasive in the
polishing pad and providing for the alteration of the properties of the
polishing pad as described herein. [0033] The polishing pad of the
invention can be configured for use in conjunction with 



an in situ polishing endpoint detection system. In situ endpoint detection
generally involves analyzing the surface of a substrate during polishing
through the use of light or other form of radiation, so as to determine the
end-point of the polishing process. Desirably, the polishing pad of the
invention comprises a port or aperture that provides a path through which
light or other form of radiation can travel to reach the substrate surface.
The port or aperture can be provided by a hole formed through the thickness
of the deformable polishing pad body, polishing surface, subpad, and any
other layer which the polishing pad comprises. Alternatively, the polishing
pad can comprise a "window" of a suitable polymer or other material that is
translucent or transparent to the light or other radiation used in the
detection technique. The particular type of port or aperture used will
depend upon the specific endpoint detection technique chosen and the type
of radiation employed for that purpose. Techniques for inspecting and
monitoring the polishing process by analyzing lightor other radiation
reflected from a surface of the workpiece are known in the art. Such
methods are described, for example, in U.S. Patent 5,196,353, U.S. Patent
5,433,651, U.S. Patent 5,609,51 1, U.S. Patent 5,643,046, U.S. Patent
5,658,183, U.S. Patent 5,730,642, U.S. Patent 5,838,447, U.S. Patent
5,872,633, U.S. Patent 5,893,796, U.S. Patent 5,949,927, and U.S. Patent
5,964,643. [0034] When a magnetic field is applied to the polishing pad
comprising the deformable polishing pad body, one or more properties of the
deformable polishing pad body (or the polishing pad comprising the
deformable polishing pad body) are altered, desirably to a degree
sufficient to affect the polishing performance of the polishing pad. The
properties that are altered can be any of the properties of the polishing
pad, including the storage modulus, compressibility, resilience, and
hardness. Preferred configurations of the polishing pad comprise a
deformable polishing pad body comprising magnetically sensitive particles
in an amount such that, when in the presence of an applied magnetic field
of 1- 1000 Gauss (e.g., 5-500 Gauss, 10-250 Guass, or 50-200 Gauss), one or
more of these properties are changed by 5% or more (e.g., 10% or more),
such as 15% or more (e.g., 20% or more), or even 25% or more (e.g., 30% or
more) as compared to the polishing pad in the absence of the applied
magnetic field. [0035] The polishing pad of the invention can also comprise
other polishing pad elements such as stiffening layers, additional subpads,
adhesive layers, backing materials, and other typical components. [0036]
The invention further provides a polishing system comprising (a) a
polishing pad comprising a deformable polishing pad body and magnetically
sensitive particles dispersed therein, wherein one or more properties of
the polishing pad are altered when in the presence of an applied magnetic
field, and (b) an adjustable-strength magnetic field positioned proximate
to the polishing pad. The polishing pad of the polishing system is as
described above with respect to the polishing pad of the invention. [0037]
The adjustable-strength magnetic field can be provided by any suitable
apparatus, such as a magnet or an electromagnet. The term
"adjustable-strength" as used herein encompasses variable-strength magnetic
fields (e.g., variable on a continuum of strengths) as well as
multiple-strength magnetic fields (e.g., having multiple fixed-strength
settings). When the adjustable strength magnetic field is provided by a
magnetic field having multiple fixed-strength settings, it is preferred
that the magnetic field has more thantwo strength settings (e.g., more than
an "on" and "off setting) to allow greater flexibility in altering the
properties of the polishing pad. The strength of the field can be adjusted,
for example, by increasing or decreasing the amount of power supplied, or
by shielding the polishing pad from the magnetic field to a greater or
lesser degree. The adjustable-strength feature of the magnetic field allows
a user of the polishing system to change the strength of the magnetic field
and, thereby, control the properties of the polishing pad during use. As
the magnetic field strength is increased, the force exerted by the
magnetically sensitive particles on the deformable polishing pad body is
increased, and the properties of the polishing pad comprising the
deformable polishing pad body are altered to a greater degree. Similarly,
as the magnetic field strength is reduced, the properties of the polishing
pad are altered to a lesser degree. 



[0038] The adjustable-strength magnetic field is positioned proximate to
the polishing pad. For the purposes of this invention, the
adjustable-strength magnetic field is considered to be "proximate" to the
polishing pad if the adjustable strength magnetic field is close enough to
the polishing pad to alter one or more properties of the polishing pad. The
adjustable strength magnetic field can be oriented in any suitable position
relative to the polishing pad. For the purposes of the present invention,
the magnetic field is considered to have lines of force parallel to the
direction of attraction and repulsion of the magnetic field. Typically, the
magnetic field is positioned such that the lines of force are substantially
perpendicular to the polishing surface of the polishing pad. Alternatively,
the magnetic field can be positioned such that the lines of force are at an
angle to the polishing surface of the polishing pad, or even substantially
parallel to the polishing surface of the polishing pad. Also, the source of
the magnetic field (e.g., the magnet or electromagnet) can be positioned
relative to the polishing pad and the substrate being polished such that
the substrate is between the source of the magnetic field and the polishing
pad, or, preferably, such that the polishing pad is between the source of
the magnetic field and the substrate. [0039] The adjustable strength
magnetic field should be capable of providing sufficient magnetic force to
alter one or more properties of the polishing pad. The amount of force
required for this purpose will depend upon the particular configuration of
the polishing pad used in a given application. Generally, an adjustable
strength magnetic field capable of generating 1-1000 Gauss (e.g., 5-500
Gauss, 10-250 Gauss, or 50-200 Gauss) or more will be sufficient.[0040] The
strength of the magnetic field can be manually controlled (e.g.,
operatorcontrolled). When manual controls are used, the applied magnetic
field is typically adjusted by an operator to achieve or maintain desired
polishing parameters (e.g., removal rate, friction, roughness, dishing,
etc.), or at the beginning or end of a polishing stage or a pre determined
time interval. For example, an operator monitoring the material removal
rate during polishing can adjust the strength of the magnetic field to
change or maintain a given material removal rate. Alternatively, or in
addition to manual controls, the strength of the magnetic field can be
automatically controlled, for example, through the use of a microprocessor.
Automated controls can be used to automatically adjust the magnetic field
strength according to a pre-programmed set of instructions, or in response
to changes in polishing parameters. For example, the magnetic field can be
automatically adjusted in response to changes in polishing conditions by
incorporating into the polishing system a feedback mechanism, whereby
monitors detect a change in one or more polishing conditions and deliver a
signal to the automated controls to adjust the magnetic field
appropriately. [0041] The invention also provides a method of polishing a
substrate comprising (a) providing a polishing pad comprising a deformable
polishing pad body and magnetically sensitive particles dispersed therein,
wherein one or more properties of the polishing pad are altered when in the
presence of an applied magnetic field, (b) contacting the polishing pad
with a substrate, (c) applying an adjustable-strength magnetic field to the
polishing pad to alter one or more properties of the polishing pad, and (d)
moving the polishing pad relative to the substrate, thereby polishing the
substrate. The polishing pad and adjustable-strength magnetic field are as
described herein with respect to the polishing pad and polishing system of
the invention. [0042] The method of the invention can further comprise
adjusting the adjustablestrength magnetic field during polishing. The
magnetic field can be adjusted manually, or via automated controls, as
discussed above with respect to the polishing system of the invention. The
magnetic field preferably is adjusted so as to achieve a desired polishing
property, such as to reduce over-polishing or reduce dishing of the
substrate (e.g., improve planarity and within-die uniformity). [0043] The
polishing pad and polishing system of the invention is particularly suited
for use in conjunction with a chemical-mechanical polishing (CMP)
apparatus. Typically, theapparatus comprises (a) a platen, which, when in
use, is in motion and has a velocity that results from orbital, linear, or
circular motion, (b) a polishing pad of the invention in contact 



with the platen and moving with the platen when in motion, and (c) a
carrier that holds a workpiece to be polished by contacting and moving
relative to the surface of the polishing pad. The polishing of the
workpiece takes place by the workpiece being placed in contact with the
polishing pad and then the polishing pad moving relative to the workpiece,
typically with a polishing composition therebetween, so as to abrade at
least a portion of the workpiece to polish the workpiece. The polishing
composition typically comprises a liquid carrier (e.g., an aqueous
carrier), a pH adjuster, and optionally an abrasive. Depending on the type
of workpiece being polished, the polishing composition optionally may
further comprise oxidizing agents, organic acids, complexing agents, pH
buffers, surfactants, corrosion inhibitors, anti-foaming agents, and the
like. The CMP apparatus can be any suitable CMP apparatus, many of which
are known in the art. The polishing pad and polishing system of the
invention also can be used with linear polishing tools. [0044] The
polishing pad, polishing system, and polishing method of the invention is
suitable for use in a method of polishing many types of workpieces (e.g.,
substrates or wafers) and workpiece materials. For example, the polishing
pads can be used to polish workpieces including memory storage devices,
glass substrates, memory or rigid disks, metals (e.g., noble metals),
magnetic heads, inter-layer dielectric (ILD) layers, polymeric films, low
and high dielectric constant films, ferroelectrics,
micro-electro-mechanical systems (MEMS), semiconductor wafers, field
emission displays, and other microelectronic substrates, especially
microelectronic substrates comprising insulating layers (e.g., silicon
oxide, silicon nitride, or low dielectric materials) and/or
metal-containing layers (e.g., copper, tantalum, tungsten, aluminum,
nickel, titanium, platinum, ruthenium, rhodium, iridium, alloys thereof,
and mixtures thereof). In addition, the workpiece can comprise, consist
essentially of, or consist of any suitable metal composite. Suitable metal
composites include, for example, metal nitrides (e.g., tantalum nitride,
titanium nitride, and tungsten nitride), metal carbides (e.g., silicon
carbide and tungsten carbide), nickel-phosphorus, alumino-borosilicate,
borosilicate glass, phosphosilicate glass (PSG), borophosphosilicate glass
(BPSG), silicon/germanium alloys, and silicon/germanium/ carbon alloys. The
workpiece can also comprise, consist essentially of, or consist of any
suitable semiconductor base material. Suitable semiconductor base materials
include single-crystalsilicon, poly-crystalline silicon, amorphous silicon,
silicon-on-insulator, and gallium arsenide. EXAMPLE [0045] The following
example illustrates the preparation and use of a polishing pad, polishing
system, and polishing method according to the invention. [0046] A polishing
pad comprising a deformable polishing pad body and magnetically sensitive
particles dispersed therein is fabricated by blending polyurethane foam
particles and magnetite (Fe3O ) at a temperature above the flow temperature
of the polyurethane. The mixture is cast into a disc-shaped polishing pad.
[0047] The polishing pad is mounted on the platen of a CMP polishing
machine as a subpad beneath a standard polyurethane top pad, and a
patterned substrate is positioned on the polishing tool of the polishing
machine in contact with the surface of the top pad. A variable-power
electromagnet is positioned such that the polishing pad is between the
electromagnet and the substrate, and the lines of force of the magnetic
field are perpendicular to the surface of the polishing pad. The polishing
process is started, and a polishing composition is supplied to the surface
of the polishing pad and substrate. The electromagnet is in the "off
position. After several minutes, dishing in the surface of the substrate is
detected, and the electromagnet is turned on at low power. The application
of the magnetic field causes the subpad to compress against the platen,
reducing the compressibility of the subpad. Polishing is continued for
several more minutes, after which time the dishing in the substrate is
reduced, but still evident. The strength of the electromagnet is increased,
thereby causing the subpad to further compress against the platen, and
polishing is continued with further reduction in the dishing of the
substrate.CLAIMS 1. A polishing pad comprising a deformable polishing pad
body and magnetically 



sensitive particles dispersed therein, wherein one or more properties of
the polishing pad are altered when in the presence of an applied magnetic
field. 2. The polishing pad of claim 1, wherein the one or more properties
of the polishing pad that are altered in the presence of an applied
magnetic field are one or more properties selected from the group
consisting of the storage modulus, compressibility, percentrebound, and
hardness of the polishing pad. 3. The polishing pad of claim 1, wherein the
polishing pad has a storage modulus of 100 to 1000 MPa in the absence of an
applied magnetic field. 4. The polishing pad of claim 1, wherein the
polishing pad has an average percent compressibility under a load of 32 kPa
of 2% or more in the absence of an applied magnetic field. 5. The polishing
pad of claim 1, wherein the polishing pad has an average percentrebound,
after application of a load of 32 IdPa, of 25% or more in the absence of an
applied magnetic field. 6. The polishing pad of claim 1, wherein the
polishing pad has a Shore Durometer hardness of 4OA to 9OD in the absence
of an applied magnetic field. 7. The polishing pad of claim 1, wherein the
deformable polishing pad body comprises a polymer. 8. The polishing pad of
claim 7, wherein the polymer is selected from the group consisting of
elastomers, polyurethanes, polyolefins, polycarbonates, polyvinylalcohols,
nylons, natural and synthetic rubbers, styrenic polymers, polyaromatics,
fluoropolymers, polyimides, cross-linked polyurethanes, thermoset
polyurethanes, cross-linked polyolefins, polyethers, polyesters,
polyacrylates, elastomeric polyethylenes, copolymers and block copolymers
thereof, and mixtures and blends thereof. 9. The polishing pad of claim 8,
wherein the deformable polishing pad body comprises a foam polymer. 10. The
polishing pad of claim 9, wherein the foam comprises predominantly open
cells. 11. The polishing pad of claim 9, wherein the foam comprises
predominantly closed cells.12. The polishing pad of claim 9, wherein the
foam comprises a mixture of open and closed cells. 13. The polishing pad of
claim 1, wherein the magnetically sensitive particles have an average
particle diameter of 5 mm or less. 14. The polishing pad of claim 1,
wherein the magnetically sensitive particles are inorganic particles. 15.
The polishing pad of claim 14, wherein the magnetically sensitive particles
are selected from the group consisting OfFe O4, Nd-Fe-B, Ba-Sr ferrite,
Ni-Zn-Cu ferrite, SmCo , Sm2COn, iron, steel, and mixtures thereof. 16. The
polishing pad of claim 14, wherein the magnetically sensitive particles are
coated. 17. The polishing pad of claim 1, wherein the magnetically
sensitive particles are organic or metal-organic particles. 18. The
polishing pad of claim 17, wherein the magnetically sensitive particles are
selected from the group consisting of V[tetracyanoethylene] 2, V[Cr(CN)]
o.9, Cr(tetracyanoethylene)2, KV[Cr(CN)6], and C-60 fullerene. 19. The
polishing pad of claim 1, wherein the magnetically sensitive particles are
distributed uniformly throughout the deformable polishing pad body. 20. The
polishing pad of claim 1, wherein the magnetically sensitive particles are
distributed throughout the deformable polishing pad body in a non-uniform
manner. 21. The polishing pad of claim 1, wherein the magnetically
sensitive particles are distributed throughout the deformable polishing pad
body according to a gradient. 22. The polishing pad of claim 1, wherein the
magnetically sensitive particles are distributed in selected areas of the
pad. 23. The polishing pad of claim 1 further comprising a polishing
surface. 



24. The polishing pad of claim 23, wherein the polishing surface is
provided by a surface of the deformable polishing pad body. 25. The
polishing pad of claim 23, wherein the polishing surface is provided by a
separate layer. 26. The polishing pad of claim 23, wherein the polishing
surface comprises magnetically sensitive particles.27. The polishing pad of
claim 26, wherein the magnetically sensitive particles are coated
particles. 28. The polishing pad of claim 26, wherein the magnetically
sensitive particles are organic particles or metal-organic. 29. The
polishing pad of claim 23, wherein the polishing surface is free of
magnetically sensitive particles. 30. The polishing pad of claim 1, further
comprising an endpoint detection port. 31. A polishing system comprising
(a) a polishing pad comprising a deformable polishing pad body and
magnetically sensitive particles dispersed therein, wherein one or more
properties of the polishing pad are altered when in the presence of an
applied magnetic field, and (b) an adjustable-strength magnetic field
positioned proximate to the polishing pad. 32. The polishing system of
claim 31, wherein the strength of the magnetic field is manually
controlled. 33. The polishing system of claim 31, wherein the strength of
the magnetic field is automatically controlled. 34. The polishing system of
claim 33, wherein the strength of the magnetic field automatically adjusts
in response to changes in polishing conditions. 35. The polishing system of
claim 33, wherein the strength of the magnetic field automatically adjusts
according to a pre-set program. 36. The polishing system of claim 31,
wherein the one or more properties of the polishing pad that are altered in
the presence of an applied magnetic field are one or more properties
selected from the group consisting of the storage modulus, compressibility,
percent-rebound, and hardness of the polishing pad. 37. A method of
polishing a substrate comprising (a) providing a polishing pad comprising a
deformable polishing pad body and magnetically sensitive particles
dispersed therein, wherein one or more properties of the polishing pad are
altered when in the presence of an applied magnetic field, (b) contacting
the polishing pad with a substrate, (c) applying a magnetic field to the
polishing pad to alter one or more properties of the polishing pad, and (d)
moving the polishing pad relative to the substrate, thereby polishing the
substrate.38. The method of claim 37, further comprising adjusting the
strength of the magnetic field during polishing, thereby altering one or
more properties of the polishing pad. 39. The method of claim 37, wherein
the strength of the magnetic field is adjusted in response to a change in
polishing conditions. 40. The method of claim 38, wherein the strength of
the magnetic field is adjusted according to a pre-set program. 4 1. The
method of claim 38, wherein adjusting the strength of the magnetic field
reduces over-polishing dishing in the substrate. 42. The method of claim
37, wherein the one or more properties of the polishing pad that are
altered in the presence of an applied magnetic field are one or more
properties selected from the group consisting of the storage modulus,
compressibility, resilience, and hardness of the polishing pad. 


