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CORRECTION OF FABRICATED SHAPES IN ADDITIVE MANUFACTURING

TECHNICAL FIELD

This specification relates to additive manufacturing.

BACKGROUND

An integrated circuit is typically formed on a substrate by the sequential deposition of
conductive, semiconductive, or insulative layers on a silicon wafer. A variety of fabrication
processes require planarization of a layer on the substrate. For certain applications, e.g.,
polishing of a metal layer to form vias, plugs, and lines in the trenches of a patterned layer, an
overlying layer is planarized until the top surface of a patterned layer is exposed. In other
applications, e.g., planarization of a dielectric layer for photolithography, an overlying layer is
polished until a desired thickness remains over the underlying layer.

Chemical mechanical polishing (CMP) is one accepted method of planarization. This
planarization method typically requires that the substrate be mounted on a carrier head. The
exposed surface of the substrate is typically placed against a rotating polishing pad. The carrier
head provides a controllable load on the substrate to push it against the polishing pad. A
polishing liquid, such as slurry with abrasive particles, is typically supplied to the surface of the
polishing pad.

One objective of a chemical mechanical polishing process is polishing uniformity. If
different areas on the substrate are polished at different rates, then it is possible for some areas of
the substrate to have too much material removed (“overpolishing”) or too little material removed
(“underpolishing”). In addition to planarization, polishing pads can be used for finishing
operations such as buffing.

Polishing pads are typically made by molding, casting or sintering polyurethane
materials. In the case of molding, the polishing pads can be made one at a time, e.g., by injection
molding. In the case of casting, the liquid precursor is cast and cured into a cake, which is
subsequently sliced into individual pad pieces. These pad pieces can then be machined to a final
thickness. Grooves can be machined into the polishing surface, or be formed as part of the

injection molding process.
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SUMMARY

In one aspect, a method of fabricating a polishing pad using an additive manufacturing
system includes receiving data indicative of a desired shape of the polishing pad to be fabricated
by droplet ejection. The desired shape defines a profile including a polishing surface and one or
more grooves on the polishing pad. Data indicative of a modified pattern of dispensing feed
material is generated to at least partially compensate for distortions of the profile caused by the
additive manufacturing system, and a plurality of layers of the feed material are dispensed by
droplet ejection in accordance to the modified pattern.

In another aspect, a method of fabricating an object using an additive manufacturing
system includes receiving data indicative of a desired shape of the object to be fabricated by
droplet ejection. The desired shape defines a profile including a top surface and one or more
recesses. Data indicative of a modified pattern of dispensing feed material is generated to at
least partially compensate for distortions of the profile caused by the additive manufacturing
system, and a plurality of layers of the feed material are dispensed by droplet ejection in
accordance to the modified pattern.

In another aspect, a computer program product, tangibly embodied in a computer
readable medium, includes instructions to cause a processor to receive data indicative of a
desired shape of a polishing pad to be fabricated by droplet ejection in an additive manufacturing
system. The desired shape defines a profile including a polishing surface and one or more
grooves on the polishing pad. Data is generated indicative of a modified pattern of dispensing
feed material to at least partially compensate for distortions of the profile caused by the additive
manufacturing system, and the additive manufacturing system is caused to dispense a plurality of
layers of the feed material by droplet ejection in accordance to the modified pattern.

In another aspect, a computer program product, tangibly embodied in a computer
readable medium, includes instructions to cause a processor to receive data indicative of a
desired shape of an object to be fabricated by droplet ejection in an additive manufacturing
system. The desired shape defines a profile including a top surface and one or more recesses.
Data is generated indicative of a modified pattern of dispensing feed material to at least partially
compensate for distortions of the profile caused by the additive manufacturing system, and the
additive manufacturing system is caused to dispense a plurality of layers of the feed material by

droplet ejection in accordance to the modified pattern.
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In another aspect, an additive manufacturing system includes a platform to hold a
polishing pad being fabricated, a printhead to form a plurality of layer by ejecting droplets onto
the platform or a previously deposited layer of the polishing pad, and a controller configured to
receive data indicative of a desired shape of the polishing pad, the desired shape defining a
profile including a polishing surface and one or more grooves on the polishing pad, generate data
indicative of a modified pattern of dispensing feed material to at least partially compensate for
distortions of the profile caused by the additive manufacturing system, and cause the printhead to
dispense a plurality of layers of the feed material by droplet ejection in accordance to the
modified pattern.

In another aspect, an additive manufacturing system includes a platform to hold a
polishing pad being fabricated, a printhead to form a plurality of layer by ejecting droplets onto
the platform or a previously deposited layer of the polishing pad, and a controller configured to
receive data indicative of a desired shape of the polishing pad, the desired shape defining a
profile including a polishing surface and one or more grooves on the polishing pad, generate data
indicative of a modified pattern of dispensing feed material to at least partially compensate for
distortions of the profile caused by the additive manufacturing system, and cause the printhead to
dispense a plurality of layers of the feed material by droplet ejection in accordance to the
modified pattern.

Implementations may include one or more of the following features.

The one or more grooves on the polishing pad may be defined by a side wall substantially
perpendicular to the plurality of layers. The distortions of the one or more grooves may include
distortions of a perpendicularity of the side wall to the polishing surface.

The polishing surface may be substantially parallel to the plurality of layers. The
modified pattern may be configured to at least partially compensate for distortions of the
polishing surface of the polishing pad caused by the additive manufacturing system. The
distortions of the polishing surface of the polishing pad may include distortions of a planarity of

the polishing surface.

The data indicative of the desired shape of the polishing pad may include data indicative
of a pattern of dispensing a plurality of layers of feed material, the data indicative of the pattern

including data representing a planar top surface. The data indicative of the modified pattern may
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include data representing a concave top surface generated based on the data representing the
planar top surface. The data representing the concave top surface may be generated to at least
partially compensate for distortions of a planarity of a polishing surface of the polishing pad
formed using the data indicative of the pattern.

Generating the data indicative of the modified pattern may include modifying data
indicative of an original pattern to form the desired shape of the polishing pad. The data
indicative of the original pattern may be modified based on a correction profile to the original
pattern. The correction profile may include a portion extending beyond a width of the original
pattern. The correction profile may be determined by identifying a difference between an
original shape and the desired shape, the original shape being defined at least in part by the
distortions. Modifying the data indicative of the original pattern may include modifying an
amount of the feed material deposited per voxel.

The polishing surface may include a partition separating at least two grooves, and
modifying the data indicative of the original pattern may include determining a first volume of
material dispensed proximate an edge portion of the partition adjacent the groove, determining a
second volume of material dispensed in a central portion of the partition, and modifying a
distribution of volume of the feed material based on the first volume and the second volume such
that the second volume is greater than the first volume.

The distortions of the profile caused by the additive manufacturing apparatus may include
distortions caused by flow of ejected droplets on features being fabricated. The distortions of the
profile may include distortions of a height of the one or more grooves. The desired shape of the
polishing pad include a planar surface defining the polishing surface, and the modified pattern
may include a nonplanar portion corresponding to the planar surface. The nonplanar portion
may be configured to at least partially compensate for distortions of the polishing surface caused
by the additive manufacturing system.

Advantages of the foregoing may include, but are not limited to, the following. The
geometry of a polishing pad can be more precisely controlled, thereby improving polishing
efficacy of the polishing pad. Furthermore, a correction profile can compensate for potential
distortions by adjusting data that the additive manufacturing apparatus uses to form an article,
e.g., a polishing pad, rather than removing material after the article has been initially formed.

The amount of post-processing of the article after it is formed by the additive manufacturing
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apparatus can be decreased. As a result, an amount of feed material waste can be reduced, and
yield and throughput can be increased.

The details of one or more implementations of the subject matter described in this
specification are set forth in the accompanying drawings and the description below. Other
potential features, aspects, and advantages will become apparent from the description, the

drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic side view of a polishing system.

FIG. 2 is a schematic side view of an additive manufacturing apparatus.

FIG. 3A is a top view of an example of a polishing pad.

FIG. 3B is a side view of the polishing pad of FIG. 3A.

FIG. 4 is a flowchart of a process to form an article.

FIG. 5 illustrates an example of an actual shape formed based on a desired shape.

FIG. 6 illustrates an actual shape formed based on modification of the desired shape of
FIG. 5.

FIG. 7 illustrates another example of an actual shape formed based on a desired shape.

FIGS. 8A-8C are bitmap representations of patterns of feed material to be dispensed.

FIG. 9 illustrates resulting shapes formed using the bitmap representations of FIGS. 8A-
8C.

FIG. 10 depicts a process of generating data indicative of a modified shape.

FIG. 11 is an example of a bitmap representation of a pattern of feed material to be
dispensed in which an order of layers of feed material to be dispensed has been adjusted.

FIG. 12 is an example of a bitmap representation of a pattern of feed material to be
dispensed in which a portion of the bitmap representation extends beyond an original width of a
desired shape to be formed.

Like reference numbers and designations in the various drawings indicate like elements.

DETAILED DESCRIPTION
An additive manufacturing apparatus can be used to form a polishing pad. The additive
manufacturing apparatus can be provided with an initial pattern to dispense feed material. The

initial pattern corresponds to a desired shape of the polishing pad to be formed. When the
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polishing pad is formed by the additive manufacturing apparatus using the initial pattern, an
actual shape of the polishing pad may include distortions relative to the desired shape of the
polishing pad. As described herein, the initial pattern provided to the additive manufacturing
apparatus can be modified by a correction profile to generate a modified pattern to at least
partially compensate for these distortions. The resulting shape formed using the modified pattern
can thus more closely match the desired shape of the polishing pad.

Turning now to FIG. 1, a polishing system 100 includes a polishing pad 102 that can be
used to polish one or more substrates 104. A description of a suitable polishing apparatus can be
found in U.S. Patent No. 5,738,574, the entire disclosure of which is incorporated herein by
reference. The polishing system 100 can include a rotatable platen 106 on which the polishing
pad 102 is placed. During a polishing step, a polishing liquid 108, e.g., abrasive slurry, can be
supplied to a polishing surface 103 of polishing pad 102 by a slurry supply port or combined
slurry/rinse arm 110. The polishing liquid 108 can contain abrasive particles, a pH adjuster, or
chemically active components.

The substrate 104 is held against the polishing pad 102 by a carrier head 112. The carrier
head 112 is suspended from a support structure, such as a carousel, and is connected by a carrier
drive shaft 114 to a carrier head rotation motor so that the carrier head can rotate about an axis
116. The relative motion of the polishing pad 102 and the substrate 104 in the presence of the
polishing liquid 108 results in polishing of the substrate 104.

Referring to FIG. 2, in some examples, an additive manufacturing apparatus 120 that
dispenses successive layers of feed material can be used to form the polishing pad 102.
Referring to FIGS. 1 and 2, the additive manufacturing apparatus 120 is operated to form at least
a polishing layer 122 of the polishing pad 102. In the manufacturing process, thin layers of feed
material are progressively dispensed and cured. For example, droplets 124 of feed material, e.g.,
polishing pad precursor material, can be ejected from a nozzle 126 of a dispenser 128, e.g., a
droplet ejector printer, to form a layer 130 of the feed material. The dispenser 128 is similar to
an inkjet printer, but uses the feed material for forming the polishing pad 102 rather than ink.

A controller 129 is operable to control dispensing operations of the dispenser 128 and, if
applicable, control curing operations using an energy source 131 such as a lamp or a laser. The
nozzle 126 is translated (shown by arrow A) across a support 134 to dispense feed material at

any portion of a build area on the support 134.
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In some implementations, the energy source 131 trails the nozzle 126 as the nozzle 126 is
translated across the support 134, such that feed material dispensed through the nozzle 126 can
be immediately cured. In some implementations, the energy source 131 leads the nozzle 126 as
the nozzle 126 is translated across the support 134 in a first scanning direction while dispensing
feed material. The energy source 131 can cure this dispensed feed material as the energy source
131 is scanned across the support 134, e.g., in a second scanning direction opposite the first
scanning direction, thereby providing the feed material additional time to reach a stable state
before being exposed to radiation of the energy source 131. In some implementations, the
energy source 131 leads the nozzle 126 as the nozzle 126 is translated across the support 134 in a
first scanning direction, and the energy source 131 is used to cure the dispensed feed material as
the energy source is scanned in the first scanning direction. Thus, the previously dispensed layer
of feed material can be cured almost immediately before another layer is dispensed through the
nozzle 126. In some implementations, there are multiple energy sources, with an energy source
131 trails the nozzle 126 and an energy source 131 that leads the nozzle 126.

For a first layer 130a deposited, the nozzle 126 can eject the feed material onto the
support 134. For subsequently deposited layers 130b, the nozzle 126 can eject onto already
solidified feed material 132. After each layer 130 is solidified, a new layer is then deposited
over the previously deposited layer until the full 3-dimensional polishing layer 122 is fabricated.
Each layer is applied by the nozzle 126 in a pattern stored in a 3D drawing computer program
that runs on a computer 60. Each layer 130 is less than 50% of the total thickness of the
polishing layer 122, e.g., less than 10%, e.g., less than 5%, e.g., less than 1%.

The polishing layer 122 can be formed on a support 134. In some examples, the support
134 includes a rigid base, or includes a flexible film, e.g., a layer of polytetrafluoroethylene
(PTFE). If the support 134 includes a flexible film, then the support 134 forms a portion of the
polishing pad 102. For example, the support 134 can include a backing layer 136 (shown in FIG.
1) of the polishing pad 102 or a layer between the backing layer and the polishing layer 122. If
the support 134 includes the backing layer 136 of the polishing pad 102, the support 134 is not
removed from the polishing pad 102 after manufacturing of the polishing pad 102 is complete.
Referring to FIG. 1, the polishing pad 102 is mounted to the polishing system 100 with the
backing layer 136 (e.g., the support 134) facing the rotatable platen 106. Alternatively, if the
support 134 does not include the backing layer 136 of the polishing pad 102, the polishing layer

-7-
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122 can be removed from the support 134 after manufacturing of the polishing pad 102 is
complete.

Solidification of the layers 130 of feed material can be accomplished by polymerization.
For example, the layer 130 of feed material can be a monomer, and the monomer can be
polymerized in-situ by ultraviolet (UV) curing. The feed material can be cured effectively
immediately upon deposition, or an entire layer 130 of pad precursor material can be deposited
and then the entire layer 130 be cured simultaneously. Alternatively, the droplets 124 can be a
polymer melt that solidifies upon cooling. In further implementations, the apparatus 120 creates
the polishing layer 122 by spreading a layer of powder and ejecting droplets of a binder material
onto the layer of powder. In this case, the powder could include additives, e.g., abrasive
particles.

In some implementations, the backing layer 136 can also be fabricated by a 3D printing
process. For example, the backing layer 136 and polishing layer 122 could be fabricated in an
uninterrupted operation by the apparatus 120. The backing layer 136 can be provided with a
different hardness than the polishing layer 122 by using a different amount of curing, e.g., a
different intensity of UV radiation, or by using a different material. In other implementations,
the backing layer 136 is fabricated by a conventional process and then secured to the polishing
layer 122. For example, the polishing layer 122 can be secured to the backing layer 136 by a
thin adhesive layer, e.g., as a pressure-sensitive adhesive.

In some implementations, referring to FIGS. 2, 3A, and 3B, when the polishing layer 122
is formed, the apparatus 120 can selectively dispense and/or selectively cure portions of the feed
material to form grooves 138 in the polishing layer 122. The grooves 138 can carry the polishing
liquid 108 (shown in FIG. 1). The grooves 138 may be of nearly any pattern, such as concentric
circles, straight lines, cross-hatching, spirals, and the like. Assuming grooves are present,
partitions 140 between the grooves 138 define the polishing surface 103. The polishing surface
103, e.g., including the partitions 140 between the grooves 138, can be about 25-90%, e.g., 70-
90%, of the total horizontal surface area of the polishing pad 102. Thus, the grooves 138 can
occupy 10%-75%, e.g., 10-30%, of the total horizontal surface area of the polishing pad 102.
The partitions between the grooves 138 can have a lateral width of about 0.1 to 2.5 mm.

Referring to examples illustrated in FIGS. 3A and 3B, in some implementations, the

grooves 138 include concentric circular grooves. These grooves 138 can be uniformly spaced
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with a pitch P. The pitch P is the radial distance between adjacent grooves 138. The partitions
140 between the grooves 138 have a width Wp. Each groove 138 are defined by side walls 142
extending from a bottom surface 144 of the groove 138 and terminate in at the polishing surface
103, e.g., at the partition 140. Each groove 138 may have a depth Dg and a width Wg.

The side walls 142 can extend downwardly from and be generally perpendicular to the
polishing surface 103. In this regard, the side walls are substantially perpendicular to the layers
130 of feed material dispensed on the support 134. In addition, the partitions 140 extend
substantially parallel to the layers 130 of feed material dispensed on the support 134.

Each polishing cycle results in wear of polishing pad 102, generally in the form of
thinning of the polishing pad 102 as the polishing surface 103 is worn down. The width Wy of a
groove with substantially perpendicular side walls 142 does not change as the polishing pad is
worn. Thus, the generally perpendicular side walls 142 ensure that the polishing pad 102 has a
substantially uniform surface area over its operating lifetime. As described herein, the
manufacturing process to form the polishing pad 102 can include compensatory operations to
prevent the polishing surface 103 from being nonplanar, e.g., to ensure planarity or flatness of
the polishing surface 103, and to fabricate the side walls 142 as perpendicular to the polishing
surface 103.

The grooves 138 can have a minimum width Wy of about 0.34 mm. Each groove 138 can
have a width Wg between 0.34 mm and 2.71 mm, e.g., between about 0.38 mm and 1.02 mm.
Specifically, the grooves 138 may have a width Wy of approximately 0.51 mm or 0.68 mm. The
pitch P between the grooves 138 may be between about 0.68 and 6.10 mm, e.g., between about
2.29 mm and 5.40 mm. Specifically, the pitch may be approximately 2.03 or 3.05 mm. Each
partition 140 between the grooves 138 may have a width Wy, of at least 0.34 mm. The ratio of
groove width Wy to partition width Wy may be selected to be between about 0.10 and 0.4. The
ratio may be approximately 0.2 or 0.3.

In some implementations, if the polishing pad 102 includes the backing layer 136, the
grooves 138 can extend entirely through the polishing layer 122. In some implementations, the
grooves 138 can extend through about 20-80%, e.g., 40%, of the thickness of the polishing layer
122. The depth Dy of the grooves 138 can be 0.25 to 1 mm. The polishing layer 122 can have a

thickness T between about 1 mm and 3 mm. The thickness T should be selected so that the
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distance Dp between the bottom surface 144 of the groove 138 and the backing layer 136 is
between about 0.5 mm and 4 mm. Specifically, the distance Dy may be about 1 or 2 mm.

Referring to FIG. 4, a manufacturing process 200 to form the polishing pad 102 is
illustrated. For example, the additive manufacturing apparatus 120, including the controller 129,
can perform operations the manufacturing process 200.

At operation 202, data indicative of a desired shape of the polishing pad 102 to be
fabricated is received. Data indicative of shapes, including the data indicative of the desired
shape, can be defined by a two-dimensional or three-dimensional bitmap. In some
implementations, the shape data includes data representing a computer-aided design (CAD)
model. For example, if the shape data corresponds to the data indicative of the desired shape, the
CAD model is representative of the polishing pad 102 to be fabricated.

In some examples, referring to FIG. 5, the desired shape includes a desired feature 300.
Absent further manipulation of the data indicative of the desired shape, when the additive
manufacturing apparatus 120 forms the desired shape, e.g., dispenses the feed material and cures
or allows the feed material to cure to form the desired shape, an actual feature 310 may be
formed based on the data indicative of the desired shape including the desired feature 300. For
example, to form the rectangular desired feature 300, the dispenser 128 is controlled to dispense
parallel layers 130 of feed material. For each layer, a selected portion of feed material having a
uniform width corresponding to a width of the rectangular desired feature 300 is cured.

During this dispensing and curing process, material properties and resolution of the
additive manufacturing apparatus 120 can cause edges of the actual feature 310 to become
undesirably rounded or beveled. In particular, if the layers 130 of feed material are dispensed in
accordance to an original pattern determined based on the data indicative of the desired shape,
the resulting shape includes rounding or beveling as depicted with respect to the actual feature
310. Asshown in FIG. 5, while a top surface 302 of the desired feature 300 is planar, a
corresponding top surface 312 of the actual feature 310 is nonplanar. Due to a beveling effect on
the top surface 312, lateral edges 304a, 304b of the desired feature 300 have a greater length than
actual lateral edges 314a, 314b of the actual feature formed by the additive manufacturing
apparatus 120. The desired feature 300 can correspond to the partitions 140 between the grooves
138 (shown in FIGS. 3A and 3B). In this regard, the rounding or beveling eftect on the top

surface 312 can cause the polishing surface 103 defined by the partitions 140 to become
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nonplanar. Without being limited to any particular theory, the liquid droplets of feed material
ejected onto the previously deposited layer, e.g., the liquid pad precursor material, can spread
and run down the sides of the feature 300, e.g., due to wetting, resulting in the rounding.

To reduce the rounding or beveling effect, the data indicative of the desired shape can be
modified. In this regard, referring back to FIG. 4, at operation 204, data indicative of a modified
pattern of dispensing feed material to compensate for polishing pad distortions is generated or
received. The distortions include distortions of the polishing surface 103 of the polishing pad
102. These distortions, in some cases, are caused by the additive manufacturing apparatus 120,
as described herein. The modified pattern differs from the original pattern of dispensing the feed
material in that the modified pattern accounts for the distortions in the actual feature 310 relative
to the desired feature. In this regard, in some implementations, the data indicative of the
modified pattern is determined based on relative differences between the actual feature 310 and
the desired feature 300.

For example, as shown in FIG. 6, the data indicative of the modified shape includes data
indicative of a modified feature 320. Even though the top surface 302 of the desired feature 300
is planar, a top surface 322 of the modified feature 320 is nonplanar to compensate for the
distortions of the top surface 312 of the actual feature 310 formed from the original pattern. The
modified feature 320 is determined based on relative differences between the desired feature 300
and the actual feature 310. The top surface 322 of the modified feature 320 is concave to
compensate for the convexity of the top surface 312 of the actual feature 310. In this regard, the
data indicative of the modified shape is determined based on a combination of the data indicative
of the desired shape and data indicative of the actual shape formed using the original pattern.

Referring back to FIG. 4, at operation 206, layers 130 of the feed material are dispensed
by droplet ejection in accordance to a modified pattern. A resulting actual feature 330 is formed
based on data indicative of the modified pattern to dispense the feed material, the modified
pattern being determined based on the data indicative of the modified shape.

When the dispenser 128 is controlled to dispense the layers 130 of feed material in
accordance to the data indicative of the modified pattern, a size and shape of a selected portion of
the layers 130 of feed material that is cured can vary through a height of the feature. This is in
contrast to the process to form the actual feature 310 in which the selected portion of cured feed

material is consistent from layer to layer because the width of the desired feature 300 is
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consistent from layer to layer. The modified feature 320 includes a concave portion 326 having
a width that varies from layer to layer. A modified pattern to dispense the feed material to form
the concave portion 326 differs from the corresponding portion of the original pattern to form the
top portion of the desired feature 300 in that the selected cured portions of the layers 130 of feed
material for the modified pattern have varying widths and shapes. These varying widths and
shapes compensate for the distortions present in the actual feature 310 such that the resulting
actual feature 330 formed using the modified pattern has reduced convexity compared to the
actual feature 310 formed using the original pattern. For example, a top surface 332 of the actual
feature 330 has increased planarity and flatness compared to the top surface 312 of the actual
feature 310. By intentionally controlling where feed material is being dispensed and cured, this
correction defined by the modified pattern can better match the shape of the resulting polishing
pad 102 to the original desired shape for the polishing pad 102.

For example, the controller 129 can receive a data object, e.g., a computer aided design
(CAD)-compatible file that specifies the initial or intended bitmap. The data object can be stored
on a non-transitory computer readable medium. The controller 129 can be programmed to
generate a modified bitmap, based on the desired bitmap, that includes a feature to reduce
rounding beveling. Thus, when the polishing pad 102 is fabricated using the modified bitmap, it
more closely matches the desired design.

FIG. 7 illustrates another example of a desired feature 400 and an actual feature 410
formed based on dispensing and curing patterns determined in accordance to the data indicative
of the desired feature 400. In this particular example, the desired feature 400 had a width of 680
um and a height of 500 um, although other dimensions are appropriate in an implemented
process. As illustrated, the actual feature 410 had a non-planar top surface and slanted side
walls.

The desired feature 400 is a constant width feature, e.g., the partition 140 separating the
grooves 138 of the polishing pad 102. A constant width of the partitions 140 can improve wafer-
to-wafer polishing uniformity. Furthermore, the polishing efficacy of the polishing pad 102 can
be dependent on planarity of the polishing surface 103. Using the processes described herein,
data indicative of a modified pattern can be generated so that the resulting actual feature formed
using the modified pattern more closely matches the desired feature 400. In particular, the

modified pattern corresponds to the original pattern with an additional correction profile
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determined using processes described herein. The additional correction profile compensates for
the distortions of the actual feature 410 formed using the original pattern.

The examples of FIGS. 8 A-8C are representative of data indicative of shapes used by the
additive manufacturing apparatus 120 to dispense and cure the feed material. In some
implementations, the data indicative of the shapes described herein include bitmap
representations of the shapes to be formed or the shapes formed. Each bit of the bitmap can
correspond to a voxel of a feature of the polishing pad 102 to be formed. For example, FIG. 8A
illustrates a bitmap representation 500 generated based on the desired feature 400. FIG. 8B and
FIG. 8C illustrate bitmap representations 502, 504 generated to compensate for distortions of the
actual feature 410. The bitmap representations 502, 504 are thus representative of modified
features generated based on the desired feature 400 and the actual feature 410. The bitmap
representations 502, 504 include stepped portions 506, 508 to approximate concavities of the
modified features that compensate for the convexity of the actual feature 410. The concavity
approximated by the stepped portions 506 is less than the concavity approximated by the stepped
portions 508.

FIG. 9 illustrates resulting actual features 510, 512, 514 formed using modified patterns
generally corresponding to the bitmap representations 500, 502, 504, respectively. The actual
features 510, 512, 514 include variable width portions 516, 518, 520, respectively, with the
variable width portion of the actual feature 510 having the greatest height. The variable width
portion 518 has a height larger than the variable width portion 520. Thus, a constant width can
be more readily achieved through the bitmap representations 502, 504 that include non-constant
width patterns that compensate for distortions of the actual feature 510 formed using the bitmap
representation 500.

FIG. 10 illustrates an example process of determining a modified feature, and hence
determining a modified pattern with which to dispense feed material to form a feature that better
matches a desired feature. An actual shape is formed based on data representing a desired shape
600, e.g., using the additive manufacturing apparatus 120 as described herein, and then data
representing a measured shape 602 of the actual shape is determined. The data representing the
measured shape 602 can be determined using, for example, a confocal laser microscope to
measure the height profile of the actual shape. Data representing a difference 604 between the

measured shape 602 and the desired shape 600 is then determined. The difference 604 can be
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indicative of the distortion of the measured shape 602 relative to the desired shape 600 and/or the
distortion of the actual shape relative to the desired shape 600. The difference 604 can
correspond to the measured shape 602 being subtracted from the desired shape 600. The data
representing the difference 604 represents, for example, the portion of the measured shape 602
that does not match with the desired shape 600.

Data representing an inverted difference 606 is determined based on the data representing
the difference 604. The data representing the inverted difference 606 is complementary to the
difference 604, thereby compensating for the distortion of the measured shape 602. In some
implementations, the inverted difference can be scaled anywhere from 1 to 3 times to form the
data representing the inverted difference 606. The inverted difference 606 corresponds to the
correction profile used to modify the original desired shape 600. In this regard, the data
representing the inverted difference 606 is added to the data representing the desired shape 600
to form data representing a modified shape 608. The data described in this example can
correspond to bitmaps, as described herein.

The controller, e.g., the controller 129, can be implemented in digital electronic circuitry,
or in computer software, firmware, or hardware, or in combinations of them. The controller can
include one or more computer program products, i.e., one or more computer programs tangibly
embodied in an information carrier, e.g., in a non-transitory machine readable storage medium or
in a propagated signal, for execution by, or to control the operation of, data processing apparatus,
e.g., a programmable processor, a computer, or multiple processors or computers. A computer
program (also known as a program, software, software application, or code) can be written in any
form of programming language, including compiled or interpreted languages, and it can be
deployed in any form, including as a standalone program or as a module, component, subroutine,
or other unit suitable for use in a computing environment. A computer program can be deployed
to be executed on one computer or on multiple computers at one site or distributed across
multiple sites and interconnected by a communication network.

The processes and logic flows described in this specification can be performed by one or
more programmable processors executing one or more computer programs to perform functions
by operating on input data and generating output. The processes and logic flows can also be
performed by, and apparatus can also be implemented as, special purpose logic circuitry, e.g., an

FPGA (field programmable gate array) or an ASIC (application specific integrated circuit).
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The controller 129 and other computing devices part of systems described can include
non-transitory computer readable medium to store a data object, e.g., a computer aided design
(CAD)-compatible file that identifies the pattern in which the feed material should be formed for
each layer. For example, the data object could be a STL-formatted file, a 3D Manufacturing
Format (3MF) file, or an Additive Manufacturing File Format (AMF) file. For example, the
controller could receive the data object from a remote computer. A processor in the controller
129, e.g., as controlled by firmware or software, can interpret the data object received from the
computer to generate the set of signals necessary to control the components of the additive
manufacturing apparatus 120 to deposit and/or cure each layer in the desired pattern.

A number of implementations have been described. Nevertheless, it will be understood
that various modifications may be made.

In some implementations, referring to FIG. 12, the correction profile includes portion
extending beyond a width of the originally desired feature. A modified bitmap representation
800 includes a protruding portion 802 extending beyond a width of the bitmap representation 500
of the desired feature. The protruding portion 802 is dispensed, for example, with the uppermost
layers of feed material. The layers of feed material underlying the uppermost layers of feed
material may experience widening due to material roll off during dispensing. As a result,
referring briefly to FIG. 7, the underlying layers of feed material define a widened portion 402
that has a width larger than the width of the desired feature. The protruding portion 802 can
correspond to feed material to be dispensed on top of the widened portion 402 to compensate for
the variable width of the widened portion 402 and improve the consistency of the width of the
feature at the widened portion 402.

The approach shown in FIGS. 8B and 8C is to deposit one or more additional layers of
feed material to compensate for the height of the feature being less than desired. For example,
one or more additional layers of feed material can be deposited in regions where rounding or
beveling occurs. However, alternatively or in addition, the amount of feed material deposited in
a layer to compensate for the height feature being less than desired. For example, the size of
droplets or the number of droplets ejected can be increased for voxels located in regions where
the height feature is less than desired, e.g., where rounding or beveling occurs.

In some implementations, a distribution of volume of the feed material is modified

depending on a location at which the droplets 124 are to be dispensed. A volume of the droplets
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124 of feed material is varied during the dispensing operation. For example, referring back to
FIG. 6, the volume of the droplets 124 for forming edges 322a, 322b of the feature can be less
than the volume of droplets 124 for forming the interior portion 322¢ of the feature. The
controller 129 determines the appropriate weight for forming the edges 322a, 322b and the
weight for forming the interior portion 322¢ based on the material properties of the feed material.
The dispenser 128 can dispense less feed material to minimize roll off of the feed material. As
the dispenser 128 moves to form the interior portion 322¢ of the feature, the volume of droplets
is increased. In some implementations, the volume of the droplets 124 define a gradient from the
edges 322a, 322b to the center of the feature. Depending on the wetting effect of the feed
material, this type of volume control can be used to modulate an amount of feed material cured
when the energy source 131, if present, is operated. For example, if the energy source 131 is
scanned across the support 134 to cure different portions of the dispensed feed material, drop
volume control can allow for less feed material to roll off for each pass of the energy source 131
while injecting more feed material at the edges 322a, 322b of the feature to reduce the beveling
effect described herein.

In some implementations, multiple types of feed material are dispensed. The additive
manufacturing apparatus 120 includes, for example, two or more dispensers, each dispenser
dispensing a different type of feed material. In some cases, a single dispenser, e.g., the dispenser
128, receives multiple types of feed material and dispenses a mixture of the multiple types of
feed material. Because properties of a first type of feed material may vary from properties of a
second type of feed material, the modification to the original pattern to dispense the first type of
feed material may include a greater or smaller amount of scaling than the modification to the
original pattern to dispense the second type of feed material. Alternatively, if droplet weight is
controlled, the weights of the droplets of the first type of feed material can be controlled to be
higher or lower than the weights of the droplets of the second type of feed material. In some
cases, the size of the droplets of the first type of feed material can be controlled to be larger or
smaller than the sizes of the droplets of the second type of feed material.

In some implementations, multiple types of feed material form different portions of the
polishing pad 102, for example, to form the polishing layer 122 and the backing layer 136, or to
form different portions of the polishing layer 122, e.g., to provide a polishing layer with
polishing properties that vary laterally across the polishing surface. The second type of feed
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material can include the first type of feed material with an additive that alters the properties of
the second type of feed material relative to the first type of feed material. The additive includes,
for example, a surfactant that can adjust properties of the uncured feed material, for example,
zeta potential, hydrophilicity, etc.

Thickness of each layer of the layers of feed material and size of each of the voxels may
vary from implementation to implementation. In some implementations, when dispensed on the
support 134, each voxel can have a width of, for example, 10 um to 50 pm (e.g., 10 pm to 30
pum, 20 pm to 40 um, 30 um to 50 um, approximately 20 pm, approximately 30 um, or
approximately S0 pm). Each layer can have a predetermined thickness. The thickness can be,
for example, 1 to 80 um, e.g., 2t0 40 um (e.g., 2 pm to 4 pm, 5 um to 7 pum, 10 pm to 20 um, 25
um to 40 um).

Although the method and apparatus have been described in the context of fabrication of a
polishing pad, the method and apparatus can be adapted for fabrication of other articles by
additive manufacturing. In this case, rather than a polishing surface, there would simply be a top
surface of the object being fabricated, and there would be recesses in the top surface. The
modified pattern can at least partially compensate for distortions caused by the additive
manufacturing system.

In addition, although the method and apparatus haves been described in the context of
fabrication by droplet ejection, the method apparatus can be adapted for fabrication by other
additive manufacturing techniques, e.g., selective powder dispensing followed by sintering.

Accordingly, other implementations are within the scope of the claims.
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WHAT IS CLAIMED IS:

1. A method of fabricating a polishing pad using an additive manufacturing system,
the method comprising:

receiving data indicative of a desired shape of the polishing pad to be fabricated by
droplet ejection, the desired shape defining a profile including a polishing surface and one or
more grooves on the polishing pad;

generating data indicative of a modified pattern of dispensing feed material to at least
partially compensate for distortions of the profile caused by the additive manufacturing system,;
and

dispensing a plurality of layers of the feed material by droplet ejection in accordance to

the modified pattern.

2. The method of claim 1, wherein the one or more grooves on the polishing pad are
defined by a side wall substantially perpendicular to the plurality of layers, and the distortions of
the one or more grooves include distortions of a perpendicularity of the side wall to the polishing

surface.

3. The method of claim 1, wherein the polishing surface is substantially parallel to
the plurality of layers, and the distortions of the polishing surface of the polishing pad include

distortions of a planarity of the polishing surface.

4. The method of claim 1, wherein the distortions of the profile caused by the
additive manufacturing apparatus include distortions caused by flow of ejected droplets on

features being fabricated.

5. The method of claim 1, wherein the desired shape of the polishing pad includes a
planar surface defining the polishing surface, and the modified pattern includes a nonplanar
portion corresponding to the planar surface, the nonplanar portion configured to at least partially

compensate for distortions of the polishing surface caused by the additive manufacturing system.
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6. A computer program product, tangibly embodied in a non-transitory computer
readable medium, comprising instructions to cause a processor to:

receive data indicative of a desired shape of a polishing pad to be fabricated by droplet
ejection in an additive manufacturing system, the desired shape defining a profile including a
polishing surface and one or more grooves on the polishing pad,

generate data indicative of a modified pattern of dispensing feed material to at least
partially compensate for distortions of the profile caused by the additive manufacturing system,;
and

cause the additive manufacturing system to dispense a plurality of layers of the feed

material by droplet ejection in accordance to the modified pattern.

7. The computer program product of claim 6, wherein the data indicative of the
desired shape of the polishing pad includes data indicative of a pattern of dispensing a plurality
of layers of feed material, the data indicative of the pattern including data representing a planar
top surface,

wherein the data indicative of the modified pattern includes data representing a concave

top surface generated based on the data representing the planar top surface.

8. The computer program product of claim 7, wherein the data representing the
concave top surface is generated to at least partially compensate for distortions of a planarity of a

polishing surface of the polishing pad formed using the data indicative of the pattern.

0. The computer program product of claim 6, wherein the instructions to generate
the data indicative of the modified pattern include instructions to modify data indicative of an

original pattern to form the desired shape of the polishing pad.

10.  The computer program product of claim 9, wherein the data indicative of the

original pattern is modified based on a correction profile to the original pattern.

11.  The computer program product of claim 10, wherein the correction profile

includes a portion extending beyond a width of the original pattern.

-19-



10

15

20

25

30

WO 2017/156342 PCT/US2017/021686

12. The computer program product of claim 10, wherein the correction profile is
determined by identifying a difference between an original shape and the desired shape, the

original shape being defined at least in part by the distortions.

13.  The computer program product of claim 9, wherein the instructions to modify the
data indicative of the original pattern include instructions to modify an amount of the feed

material deposited per voxel.

14.  The computer program product of claim 9, wherein the original pattern comprises
data representing a polishing surface that include a partition separating at least two grooves, and
wherein the instructions to modify the data indicative of the original pattern include instructions
to

determine a first volume of material dispensed proximate an edge portion of the partition
adjacent the groove,

determine a second volume of material dispensed in a central portion of the partition, and

modify a distribution of volume of the feed material based on the first volume and the

second volume such that the second volume is greater than the first volume.

15. An additive manufacturing system, comprising:
a platform to hold a polishing pad being fabricated;
a printhead to form a plurality of layer by ejecting droplets onto the platform or a
previously deposited layer of the polishing pad; and
a controller configured to
receive data indicative of a desired shape of the polishing pad, the desired shape
defining a profile including a polishing surface and one or more grooves on the polishing pad;
generate data indicative of a modified pattern of dispensing feed material to at
least partially compensate for distortions of the profile caused by the additive manufacturing
system; and
cause the printhead to dispense a plurality of layers of the feed material by droplet

ejection in accordance to the modified pattern.

-20-



WO 2017/156342 PCT/US2017/021686

1/10
100 116 |
\\\ 110 N
///’//, 114
k\_lj 108 \_ /101///112
c/ 03
122
/ J
102
_{: N—136
\__106
FIG. 1
120
131 ‘//
128 | [ Controller

K 129

122

FIG. 2



WO 2017/156342 PCT/US2017/021686

2110

g,

”

s,
Z

%,
s,

g,

A

s

I g,

RIS

%,
iy
e o

i,
it

g i

i
sy,

. ‘;\@.\\'.\‘i‘\' 2
R
s

TR
SN o e e S SRR
N W}\\\\\\\\\\\\\\\\.\\ S >

\\‘\\\i\‘.\\\‘"?'\‘

y

e e

FIG. 3A



PCT/US2017/021686
3/10

WO 2017/156342

g4€ 'Old

UTSL TELRS RO HETE. FLFI: GEEP. FFISL CEEFS. FIIES. EEL. FEEFe FEEP. SIS FFFF. FIEES FIFS. SESFL IEFL. FIEC TES. SEEFS FPIE. FIFSr. FEES. SPFLL CEIFS. FIFE) CHPEL. FEISs CPPES. SEPE: U SR PIE. FEUIE PEFE FPLE CIELE. SPEEE U400 betdi ads. tesdd dded. daets end

o G YT s,

e,

Vaid
ovT ~~ F R .

8ET

N
. N S )

]

&

=~ 8ET

o
3
—
%
AN




WO 2017/156342

PCT/US2017/021686

4/10

200

Receive data indicative of
desired shape of a polishing

pad to be fabricated. 202

Generate or receive data
indicative of modified
pattern of dispensing feed
material to compensate for
polishing pad distortions. 204

Dispense layers of feed
material by droplet ejection
in accordance to the

modified pattern. 206

FIG. 4



WO 2017/156342

300

\

304a

320

326-{:

PCT/US2017/021686

5/10

302

310

314a

\

312

314b

304b

FIG.5

330

3222 322b

322, 322c

9

\ 332\

7

FIG. 6



PCT/US2017/021686

4310

RiEE

6/10

WO 2017/156342

i
~ 7
»)
< //
i i TR
Ry i, .quw.
% Mm
", s
\wv“
¥
73 % f [ %
22 5% 4 % L2 wr

franesy iy

FIG. 7



502

WO 2017/156342

Shugd fkle

i

¥

g

710

PCT/US2017/021686

)
%

& 5
f ; i t i i i

1§ P
Py .
A2 P et

5

§ [ — W

2

E

T ] N
B ¥emmmmnnl i e

500 h]
B e
5 0 6 -30E P SN S & RN K ot AR
| SRR )
- ~ FIG. 8A
SRk AR §
i H
H i
S s

504

508
I

Safurn Aot

Mgt s}
,-,: @ P2 “n

RSN 2 RS

S s

FIG. 8C



WO 2017/156342 PCT/US2017/021686

8/10

Standard - 880um

W“‘“«\

o S

800

5
€3
9]

516 RIS

EESSIN =S
- \\\\\\ —

400
RSN o S
- e N o
= R \\\\\ o
A
A
>
F
N

Rl (RN o e TN
514

-518

iy

306

200 524,

Height {um)

526

100t ! ! A ! A
-G00 -400 -200 O 200 400 G600
Width (um)

FIG.9



WO 2017/156342 PCT/US2017/021686

9/10

( [ ] (‘ (

600 602 604 606 608

FIG. 10



WO 2017/156342 PCT/US2017/021686

10/10

704 L

702 —

802




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2017/021686

A. CLASSIFICATION OF SUBJECT MATTER
HO1L 21/306(2006.01)i, HO1L 21/304(2006.01)i, HO1L 21/321(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HOIL 21/306; GO5B 19/418; GO6F 17/50; BO5D 1/26; HO1L 21/31;, HOIL 21/66; B41J 29/38; B24D 3/28;, B41J 2/01; HO1L 21/304;
HOIL 21/321

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: polishing pad, additive manufacturing system, distortion, compensation

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2013-0027458 A1 (HENNING SIRRINGHAUS et al.) 31 January 2013 1-15
See paragraphs [0012], [0078].

A US 2007-0249070 A1 (COLIN J. BRODSKY et al.) 25 October 2007 1-15
See paragraphs [0025]-[0028] and figures 2-3B.

A JP 5463653 B2 (SEIKO EPSON CORP.) 09 April 2014 1-15
See paragraphs [0033]-[0040] and figure 9.

A US 2014-0324206 A1 (STRATASYS LTD.) 30 October 2014 1-15
See paragraphs [0210]-[0214] and figure 11.

A US 2013-0283700 A1 (RAJEEV BAJAJ et al.) 31 October 2013 1-15
See the whole document .

|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referting to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
20 June 2017 (20.06.2017) 20 June 2017 (20.06.2017)

Name and mailing address of the [SA/KR Authorized officer

’ International Application Division

Korean Intellectual Property Office CHOI, Sang Won
189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-8291

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2017/021686
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2013-0027458 Al 31/01/2013 EP 1827849 Al 05/09/2007
EP 1827849 B1 22/02/2012
GB 0426126 DO 29/12/2004
GB 0506613 DO 11/05/2005
US 2009-0009812 Al 08/01/2009
US 8256859 B2 04/09/2012
US 8845058 B2 30/09/2014
WO 2006-056808 Al 01/06/2006
US 2007-0249070 Al 25/10/2007 US 7354779 B2 08/04/2008
JP 5463653 B2 09/04/2014 JP 2010-120215 A 03/06/2010
US 2014-0324206 Al 30/10/2014 US 2010-0121476 Al 13/05/2010
US 2016-0342149 Al 24/11/2016
US 8784723 B2 22/07/2014
US 9417627 B2 16/08/2016
WO 2008-120183 Al 09/10/2008
US 2013-0283700 Al 31/10/2013 CN 104285281 A 14/01/2015
EP 2842157 Al 04/03/2015
JP 2015-517922 A 25/06/2015
KR 10-2015-0005665 A 14/01/2015
SG 10201700369 A 27/02/2017
SG 11201406448 A 30/12/2014
TW 201350265 A 16/12/2013
US 2015-0273770 Al 01/10/2015
US 2016-0347002 Al 01/12/2016
US 9067299 B2 30/06/2015
US 9457520 B2 04/10/2016
WO 2013-162856 Al 31/10/2013

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - wo-search-report
	Page 34 - wo-search-report

