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POLISHING PAD INCLUDING AN ACOUSTIC WINDOW FOR CHEMICAL
MECHANICAL POLISHING

TECHNICAL FIELD
[0001] This disclosure relates to in-situ monitoring of chemical mechanical polishing, and

more particularly to in-situ acoustic monitoring during polishing.

BACKGRGUND
[0002]  Anintegrated circuit is typically formed on a substrate by the sequential deposition
of conductive, semiconductive, or tnsulative layers on a silicon wafer. One fabrication step
involves depositing a filler layer over a non-planar surface and planarizing the filler layer.
For certain applications, the filler layer is planarized unti] the top surface of a patterned layer
is exposed. A conductive filler layer, for example, can be deposited on a patterned insulative
iayer to fill the trenches or holes in the insulative layer. After planarization, the portions of
the metallic layer rematning between the ratsed pattern of the insulative layer form vias,
plugs, and lines that provide conductive paths between thin film circuits on the substrate. For
other applications, such as oxide pelishing, the filler layer is planarized time period, e.g., by
polishing for a predetermined time period, to leave a portion of the filler layer over the
nouplanar surface. In addition, planarization of the subsirate surface is usually required for
photolithography.
[0003] Chemical mechanical polishing (CMP} is oue accepted method of planarization.
This planarization method typically requires that the substrate be mounted on a carrier or
polishing head. The exposed surface of the substrate 1s typically placed against a rotating
polishing pad. The carrier head provides a controllable load on the substrate to push it against
the polishing pad. An abrasive polishing slurry is typically supplied to the surface of the
polishing pad.
[0004] One problem in CMP is determining whether the polishing process is complete, such
as when a polishing endpoint has been reached, e.g., whether a substrate layer has been
planarized to a desired flatness or thickness, when a desired amount of material has been
rermoved, or when an underlying layer has been exposed. Variations in the slurry distribution,

the polishing pad condition, the relative speed between the polishing pad and the substrate,
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and the load on the substrate can cause variations in the material removal rate. These
variations, as well as variations in the initial thickness of the substrate layer, cause variations
in the time needed to reach the polishing endpoint. T herefore, the polishing endpoint usually
cannot be determined merely as a function of polishing time.

[0005]  In some systems, the substrate is monitored in-situ during polishing, e.g., by
monitoring the torque required by a motor to rotate the platen or carrier head. Acoustic

monitoring of polishing has also been proposed.

SUMMARY
[0006] In one aspect, a polishing pad includes a polishing laver, a backing layer, and an
acoustic window of solid material having an acoustic impedance less than that of the backing
iayer and extending through the backing layer to contact the bottom surface of the polishing
fayer.
[0007]  In another aspect, a polishing pad includes a polishing layer, a backing laver, and an
acoustic window extending through the backing layer and the polishing layver. An upper
surface of the acoustic window is coplanar with a polishing surface of the polishing layer.
[0008] In another aspect, a chemical mechanical polishing apparatus includes a platen, a
polishing pad of either of the two aspects above supported on the platen, a carrier head to hold
a substrate against the polishing pad, a motor to generate relative motion between the platen
and the carrier head so as to polish an overlying layer of the substrate, an in-sifu acoustic
monitoring system including an acoustic sensor coupled to the acoustic window to receive
acoustic signals from the substrate, and a controller configured to detect a polishing transition
point based on received acoustic signals from the in-situ acoustic monitoring system.
100091  In another aspect, a chemical mechanical polishing apparatus includes a platen, a
polishing pad supported on the platen, a carrier head to bold a surface of a substrate against a
polishing surface of the polishing pad, and a motor to generate relative motion between the
platen and the carrier head s0 as to polish an overlying layer of the substrate. The polishing
pad includes a polishing laver including a solid matrix material with liquid-filled pores, and a
backing layer. An in-situ acoustic monitoring system includes an acoustic sensor coupled to
the backing layer to receive acousiic signals from the substrate, and a controlier is contigured

to detect a polishing transition point based on received acoustic signals from the in-situ

]



WO 2023/283555 PCT/US2022/073435

acoustic monitoring system.

[0010]  In another aspect, a method of fabricating a polishing pad includes successively
depositing a first plurality of layers with a 3D printer to form a backing [aver of the polishing
pad, and successively depositing a second plurality of layers with the 3D printer to form a
polishing layer of the polishing pad on the backing layer. Each layer of the first plurality of
fayers including a backing material portion and an acoustic window portion having a lower
acoustic impedance than the backing material portion. The backing material portion and the
acoustic window portion are deposited by ejecting a plurality of precursor materials from one
ot more nozzles and solidifying the plurality of precursor materials to form a solidified
backing material and a solidified acoustic window. Ejecting the plurality of precursor
materials from the one or more nozzles forms an interface with intermingled polymer that
directly bonds the solidified acoustic window and the sclidified backing material.

[0011] In another aspect, method for manufacturing a polishing pad includes depositing a
backing faver of a first material, curing the backing layer, depositing a polishing layer of a
second material atop the backing layer, curing the polishing layer, removing a portion of the
backing layer creating an aperture, and inserting an acoustic window of a third material into
the aperture.

{0012} Implementations may include one or more of the following features.

{60131 A non-porous portion of the polishing layer may be at least 1 cm square. The non-
porous portion may have a same compressibility as a porous portion of the polishing layer.
The porous portion of the polishing layer may be formed of a first matrix material including a
first polymer and a second polymer and the porous portion may be formed of a second matrix
material having pores. The second matrix material may includes the first polymer and the
second polymer in a different percentage contribution than the first matrix material so as to
provide the same compressibility. The porous portion of the polishing layer may include the
first matrix material with liquid filled pores, and the non-porcus portion may be a second
matrix material without the Hquid filled pores. The backing fayer may be non-porous.

[0014] The acoustic window may be formed of a first matrix material including a first
polymer and a second polvmer and the polishing laver may be a second matrix material
having pores. The second matrix material may include the first polymer and the second
polymer in a different percentage contribution than the first matrix material so as to provide
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the same compressibility. The backing layer may include a third matrix material including the
first polymer and the second polymer, the third matrix material including the first polymer
and the second polymer in a different percentage coniribution than the second matrix material
such that the backing layer 1s more compressible than the polishing layer. The polishing laver
may include a matrix material with liquid filled pores. A bottom of the acoustic window may
be coplanar with a bottom of the backing layer. The acoustic window and the remainder of
the polishing layer may be polyurethanes. The acoustic window may have the same
compressibility as a remainder of the polishing layer. The acoustic window may be less
polymerized than the remainder of the polishing layer. The acoustic window may have a
diameter less than or equal to a diameter of the acoustic sensor. The acoustic window may be
opaque.

[0015] The controller may be configured to change 2 polishing parameter based on
detection of the polishing transition point. The polishing parameter may be a carrier head
pressure or a polishing liquid composition. The controller may be configured to cause a
dispenser to switch from dispensing a first polishing liquid to a second polishing liquid having
a lower polishing rate or lower selectivity in respounse to detection of the polishing transition
point. The controller may be configured to halt polishing in response to detection of the
polishing transition point.

[06016] Ejecting the plurality of precursor materials may include ejecting a first precursor
material for the backing material portion and a ejecting a second precursor material for the
window portion. The window portion need not include the first precursor material. The
backing material portion need not include the second precursor material. Ejecting the
plurality of precursor materials may include ejecting a first precursor and a second precursor
for the backing material portion and ejecting the first precursor and the second precursor in a
different percentage contribution than the backing material portion to forro the window
portion. Successively depositing the second plurality of layers with the 3D printer to form
the polishing layer may wuclude ejecting a third precursor not present in the backing material
portion and/or the window portion. Ejecting the plurality of precursor materials may include
gjecting a first precursor and a second precursor for the backing material portion, and
successively depositing a second plurality of lavers may include gjecting the first precursor
and the second precursor in a different percentage contribution than the backing material

4



WO 2023/283555 PCT/US2022/073435

portion to form the polishing laver. Successively depositing the second plurality of layers
may include ejecting a liquid material that forms liquid filled pores at selected voxels o the
polishing fayer after curing of the second plurality of fayers. The liquid material may be
gjected at a region in the polishing laver over the window in the backing laver. The liguid
material can be refrained from being ejected at a region in the polishing layver the window in
the backing layer such that the portion is non-porous.

[0017] Eachlayer of the second plurality of layers may include a polishing waterial portion
and a second acoustic window portion having a lower acoustic impedance than the polishing
material portion. The polishing material portion and the second acoustic window portion may
be deposited by ejecting a second plurality of precursor materials from the one or more
nozzles and solidifying the second plurality of precursor materials to form a solidified
polishing material and a solidified acoustic window material. Ejecting the second plurality of
precursor materials from the one or more nozzles may form a second interface with
intermingled polymer that directly bonds the sclidified acoustic window and the solidified
polishing material.

[0018] Between removing the portion of the backing layer and inserting the acoustic
window, a portion of the polishing layer corresponding with the portion of the backing layer
may be removed. The first material may be non-porous. The second material may be a
polymer matrix with liquid-filled peres. The third material may be non-porous. The third
material may have a same compressibility as the first material.

[0019] One or more of the following possible advantages may be realized. Signal strength
of an acoustic sensor can be increased. Exposure of an underlying layer can be detected more
reliably. Polishing can be halted more reliably, and wafer-to~wafer uniformity can be
improved. The stability of the signal intensity can be improved, both over short time
scales, e.g,~ due to greater control over the mwechanical properties of the material above the
sensor, and over longer time scales, e.g., due to greater control over transmission temperature
dependence.

[0020] The acoustic window in contact with the transducer can be sized to match the
transducer to increase sensitivity. Alternatively, the acoustic window can have a reduced
diameter to reduce the effective "spot size” of the transducer and data collected therefrom.
{00211 The details of one or more implementations are st forth in the accompanying
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drawings and the description below. Other aspects, features, and advantages will be apparent

from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
10022] FIG. 1 illustrates a schematic cross-sectional view of an example of a polishing
apparatus.
{00231 FIG. 2A illustrates a schematic cross-sectional view of a polishing pad having an
acoustic window in contact with an acoustic sensor.
[0024] FIG 2B illustrates a schematic cross-sectional view of another implementation of a
polishing pad having an acoustic window in contact with an acoustic sensor.
{00251 FIG. 2C illustrates a schematic cross-sectional view of an implementation of a
polishing pad having an acoustic window extending through the polishing and backing lavers
of the polishing pad.
[0026] FIG 2D illustrates a schematic cross-sectional view of another implementation of 3
polishing pad having an acoustic window extending through the polishing and backing layers
of the polishing pad.
{60271 FIG. 2E illustrates a schematic cross-sectional view of another implementation of a
polishing pad in contact with an acoustic sensor.
[0028] FIG. 2F illustrates a schematic cross-sectional view of an acoustic window having
liquid-filled pores.
{00291 FIG. 3 illustrates a schematic top view of a polishing pad having multiple acoustic
windows.
[0030] FIG. 4 illustrates a schematic top view of a polishing pad having a solid portion
surrounding an acoustic window.

{0031}  Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION
[0032] In some semiconductor chip fabrication processes an overlying layer, e.g., metal,
silicon oxide or polysilicon, is polished until an underdying layer, e.g., a dielectric, such as
silicon oxide, silicon nitride or a high-K dielectric, is exposed. For some applications, when
the underlving layer 1s exposed, the acoustic emissions from the substrate will change. The
polishing endpoint can be determined by detecting this change in acoustic signal. However,
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existing monitoring techniques may not satisfy increasing demands of semiconductor device
ranufactorers,

[0033] The acoustic emissions to be monitored can be caused by energy released when the
substrate material undergoes deformation, and the resulting acoustic spectrum is related to the
material properties of the substrate. Without being Himited to any particular theory, possible
sources of this energy, also termed “stress energy”, and its characteristic frequencies tuclude
breakage of chemical bonds, characteristic phonon frequencies, slip-stick mechanisms, ete. It
may be noted that this stress energy acoustic effect is not the same as noise generated by
vibrations induced by friction of the substrate against the polishing pad (which 1s also
sometimes referred to as an acoustic signal}, or of noise generated by cracking, chipping,
breakage or similar generation of defects on the substrate. The stress energy can be
distinguished from other acoustic signals, e.g., from friction of the subsirate against the
polishing pad or of noise generated by generation of defects on the substrate, through
appropriate filtering. For example, the signal from the acoustic sensor can be comparedto a
signal measured from a test substrate that is known to represent stress energy.

[0034] However, a potential problem with acoustic monitoring is transmission of the
acoustic signal to the sensor. Acoustic emissions caused by stress energy can be subject to
significant noise, 30 a strong signal is needed. However, conventional polishing pads, e.g.,
with porous polishing and backing layers, tend to dampen the signal.

[0035] Thus, it would be advantageous to utilize a polishing pad with low attenuation of the
acoustic signal to decrease noise in the acoustic signal. A polishing pad including an acoustic
window having beneficial acoustic properties such as low acoustic attenuation facilitates
acoustic signal transmission to the acoustic sensor, reducing signal noise. Additionally, the
acoustic window having compressive properties similar to the surrounding polishing pad
{ayer, e.g., the polishing layer, or the backing layer, reduce acoustic signal reflection due to
adiacent boundaries and maintains polishing characteristics of the polishing pad. Any of
these advantages could be used independent of the other advantages.

[0036] FIG. 1 illustrates an example of a polishing apparatus 100, The polishing apparatus
100 includes a rotatable disk-shaped platen 120 on which a polishing pad 110 is situated. The
polishing pad 110 can be a two-layer polishing pad with an outer polishing layer 112 and a
softer backing layer 114, The platen is operable to rotate about an axis 125, For example, a
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motor 121, e.g, a DC induction motor, can turn a drive shaft 124 to rotate the platen 120.
[0037] The polishing apparatus 100 can include a port 130 to dispense polishing liquid 132,
such as abrasive slurry, onto the polishing pad 110 to the pad. The polishing apparatus can
also include a polishing pad conditioner to abrade the polishing pad 110 to maintain the
polishing pad 110 in a consistent abrasive state.

[0038] The polishing apparatus 100 includes at least one carrier head 140, The carrier head
140 is operable to hold a substrate 10 against the polishing pad 110. Each carrier head 140
can have independent control of the polishing parameters, for example pressure, associated
with each respective substrate,

{60391 The carrier head 140 can include a retaining ring 142 to retain the substrate 10 below
a flexible membrane 144, The carrier head 140 also includes one or more independently
controllable pressurizable chambers defined by the membrane, e.g., three chambers 146a-
146¢, which can apply independently controllable pressurizes to associated zones on the
flexible membrane 144 and thus on the substrate 10 (see FIG. 1), Although only three
chambers are iHustrated in FIG. 1 for ease of illustration, there could be one or two chambers,
or four or more chambers, e.g, five chambers.

[0040] The carrier head 140 s suspended from a support structure 150, e.g, a carousel or
track, and is connected by a drive shaft 152 {0 a carrier head rotation motor 154, e.g., a DC
induction motor, so that the carrier head can rotate about an axis 155, Optionally each carrier
fiead 140 can oscillate laterally, ¢ g, on shiders on the carousel 150, or by rotational
oscillation of the carousel itself, or by sliding along the track. In typical operation, the platen
is rotated about its central axis 125, and each carrier head is rotated about its central axis 155
and translated laterally across the top surface of the polishing pad.

{00411 A controller 190, such as a programmable computer, is connected to the motors 121,
154 to conirol the rotation rate of the platen 120 and carrier head 140, For example, each
motor can inchude an encoder that measures the rotation rate of the associated drive shaft. A
feedback control circuit, which could be in the motor ttself, part of the controller, or a separate
circuit, receives the measured rotation rate from the encoder and adjusts the current supplied
to the motor to ensure that the rotation rate of the drive shaft matches at a rotation rate
recetved from the controller,

[0042] The polishing apparatus 100 includes at feast one in-situ acoustic monitoring syster

8



WO 2023/283555 PCT/US2022/073435

160. The in-situ acoustic monitoring system 160 includes one or more acoustic signal sensors
162 and, in some iroplementations, one or more acoustic signal generators 163 that are each
configured to actively transmit acoustic energy toward a side of the substrate 10 closer to the
polishing pad 110, Each acoustic signal sensor or acoustic signal generator can be installed at
one or more locations on the upper platen 120, In particular, the in-situ acoustic mounttoring
system can be configured to detect acoustic emissions caused by stress energy when the
material of the substrate 10 undergoes deformation and, in implementations where acoustic
signal generators 163 are included, to detect the reflection of actively generated acoustic
signals from the surface of the substrate 10.

[0043] A position sensor, e.g., an optical interrupter connected to the rim of the platenora
rotary encoder, can be used to sense the angular position of the platen 120, This permits only
portions of the signal measured when the sensor 162 s in proximity to the substrate, e.g,,
when the sensor 162 is below the carrier head or substrate, to be used in endpoint detection.
{00441 In the implementation shown in FIG. 1, the acoustic sensor 102 is positioned in a
recess 164 in the platen 120 and is positioned to receive acoustic signals through an acoustic
window 118, The acoustic sensor 162 can be connected by circuitry 168 to a power supply
and/or other signal processing electronics 166 through a rotary coupling, e.g., a mercury slip
ring. The signal processing elecironics 166 can be connected in turn fo the controller 190,
which can be additionally configured to control the magnitude or frequency of the acoustic
energy transmitted by the generator 163, e.g., by variably increasing or decreasing the current
supply to the generator 163.

[00451 The in-situ acoustic monitoring system 160 can be a passive acoustic monitoring
system. The passive acoustic signals monitored by the acoustic sensor 162 can be in 50 kHz
to | MHz range, e.g., 200 10 400 kHz, or 200 Khz to 1 MHz. For example, for monitoring of
polishing of inter-layer dielectric JLD) in a shallow trench isolation (ST1), a frequency range
of 225 kHz to 350kHz can be monitored. As another example, passive mode frequencies of
interest range from 500 kHz to 900 kHz.

[0046] Referring to FIGS. ZA-2E, the polishing pad 100 includes a polishing layer 112 and
a backing laver (sometimes referred to as a subpad) 114, The backing layer 114 1s more
compressible than the polishing fayer 112,

[0047] In some implementations, a plurality of slurry-transport grooves 116 are formed in
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the polishing surface 112a of the polishing layer 112 of the polishing pad 110. The grooves
116 can extend partially but not entirely through the thickness of the polishing layer 112
Alternatively, the grooves 116 can extend entirely through the polishing layer 112, For
example, the polishing layer 112 can be formed as a plurality of discrete segments that sit on
the backing layer 114, In some implementations, the discrete segments of the polishing layer
112 extend into recesses in the backing layer 114,

[0048] In some implementations, grooving is omitted from the polishing surface 112aina
region 119 that is aligned with the acoustic sensor 162, The region 119 lacking grooves can
be wider than the pitch between the grooves in the remaining region of the polishing layer. At
ieast one groove can be interrupted, e.g., at feast one groove in an otherwise rectangular array
of grooves does not extend entirely across the polishing surface, or at least one groove in an
otherwise concentric circular array of grooves does not extend entirely around the central
axis. However, for any of the implementations discussed below it is possible to not omit the
grooving from the region above the acoustic sensor 162

[0049]  In any of the implementations of FIGS. 2A-2E, the polishing layer 112 can be
composed of a solid polymer matrix material 200 with liguid-filled pores 202. The matrix
material 200 can be a polyurethane or mixture of polyurethanes, and the pores 202 can filled
with water and/or a gel, e.g., a polywer gel. However, in some implementations the pores 202
in the polishing layer 112 are air-filled, e.g., provided by hollow microspheres. In some
implementations, the pores 202 in the region 119 aligned with the acoustic sensor 162 are
liquid-filled, but the pores 202 in other portions of the polishing layer 112 are air-filled.
(0050}  In some implementations, the matrix material 200 of the polishing layer 112 and the
gel in the pores 202 include different components, e.g., different polymers, that provide the
different phases, i.e., liquid versus solid. However, in some implementations the matrix
material 200 and the gel in the pores 202 are formed using the same two monomer or polymer
components, but in different weight percentage contributions so as to provide the different
phases. For example, assuming that a first monomer component polymerizes and solidifies
more quickly than a second monomer component, the matrix matesial can include a higher
percentage of the first component than the gel. Alternatively or in addition, multiple polymer
components, e.g., with different hardnesses, can be present in the polishing layer 112 10
achieve desired material properties and polishing characteristics. This combination of
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polymers within a layer can provided by a randomized blend or structured layout.

[0051] In addition, in any of the implementations of FIGS, 2A-2E, the backing layer 114
can be composed of a solid polvmer matrix material 204, e.g., substantially without pores,
e.g., porosity less than 1%, e.g., less than 0.5%. The matrix material of the backing layer 114
can be softer than the matrix material polishing layer 112, The matrix material of the
polishing layer 112 and the matrix material of the backing layer 114 can be formed from the
same monomer or polymer components, but in different weight percentage contributions. For
example, assuming after curing that a first monomer component polymerizes more quickly or
forms a harder polymer matrix than a second monomer component, the polishing layer 112
can include a higher percentage of the first component than the backing layer 114

[0052] FIG. 2A shows a polishing layer 112 having a solid matrix matenial 200 and a
plurality of pores 202. The region 119 above the acoustic window 118 includes pores 202 but
iacks grooves 116, For example, the pores in the region 119 above the acoustic window 118
can have the same porosity, e.g., density and size of pores, as the remainder of the polishing
iayer 112. Conventicnal polishing pads typically include pores in the polishing layer, e g,
hollow polymer microspheres. Without being limited to any particular theory, in contrast (o
hollow pores which significantly increase acoustic attenuation, the Hquid-filled pores are
acoustically transmissive and thus do not increase acoustic attenuation such that a special
window region is needed for the polishing layer 112

[0053] The portion of the backing laver 114 directly above the acoustic sensor 162 can
include an acoustic window 118&. The acoustic window 118 has a lower acoustic attenuation
coefficient than the surrounding backing layer 114, The acoustic impedance of a matenial is a
measure of the opposition that a material presents to the acoustic flow resulting from an
acoustic pressure applied to the material. The acoustic attenuation coefficient guantifies how
transmitied acoustic amplitude decreases as a function of frequency for a specific material.
[0054] The matenial of the acoustic window 118 has a sufficiently low acoustic attenuation
coefficient, e.g., to provide a signal satisfactory for acoustic monitoring. The window can
have an acoustic attenuation coefficient lower than 2 (e.g., lower than 1, lower than 0.5}, to
provide a signal satistactory for acoustic monttoring. In general, the acoustic attenuation
coefficient should be as low as possible (i.e, no absorption). The acoustic impedance of the
window 118 can be between 1 and 4 MRayl. For example, the acoustic impedance of the
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window 118 can be reasonably close to water, e g., about 1 4 MRayl.

[0055] In addition or as an alternative to a low attenuation coefficient, in implementations
in which a window 118 sits between a portion 119 of the polishing laver 112 and the sensor
162, e.g, as shown in FIGS. 2A and 2B, the acoustic refractive index of the window 118 can
be selected to provide index matching. The acoustic refractive index sets the speed of sound
within a material. In particular, for the frequencies being measured, acoustic refractive index
of the window 118 can be between {inclusive of the endpoints) the acoustic refractive index of
the portion 119 of the polishing layer 112 and the material that contacts the bottom of the
window, .g., the top plate of the sensor 162 or an index matching gel. 1o particular, the
acoustic refractive index of the window 118 can be equal to the acoustic refractive index of
the portion 119 of the polishing laver 112, Alternatively, the acoustic refractive index of the
window 118 can be between, but not equal to, the acoustic refractive index of the portion 119
of the polishing layer 112 and the material that contacts the bottom of the window. Index
matching reduces reflections of acoustic energy at interfaces and thus can improve
transmission of acoustic energy to the sensor 162.

[0056] In the implementations of FIGS. 2A-2D, the acoustic window 118 is formed of a
different material than the backing layer 114. This permits the backing layer 114 to be
composed of a wider range of materials to meet the needs of the CMP operation. The
acoustic window 118 can be composed of a non-porous material, e.g, a solid body. For
example, the acoustic material can be a polymer, e.g., a polyurethane. In some
implementations, the acoustic window 118 and the backing layer 114 are formed using the
same two monomer or polymer components, but in different weight percentage contributions.
The perceniage for the backing laver 114 can be selected so as to provide the desired
compressibility, whereas the percentage for the window 114 can be selected so as to provide
the desired acoustic transmission. In some implementations, the acoustic window 118 isa
gel. In some implementations, the acoustic window 118 is a gel material.

{00571  Inthe wmplementations of FIGS. 2A-2D, the acoustic window 118 can be a solid
polymer matrix material with liquid-filled pores 203 (see FIG. 2F). The polymer matrix
material of the window 118 can be the same compaosition as the polymer matrix material of
the polishing layer 112. The liquid in the pores 203 of the window 118 can be the same
composition as the hiquid in the pores of the polishing layver 112, However, to provide
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increased acoustic transmittance, the matrix material of the window 118 can less compressible
than the polymer matrix material of the polishing layer 112. In addition, the pores 203 in the
window can be smaller or dispersed at a lower density than the pores 202 in the polishing
layer 112, In addition, the liquid in the pores 203 in the window can have a different
viscosity, €.g., a higher viscosity, than the liquid in the pores 202 in the polishing layer 112.
[0058]  Where pores 202/203 are present in the polishing layer 112 and/or window 118, the
pores can occupy from 1 to 40% by volume of the layer or window. The pores 202/203 can
be 10 to 300pum in width (parallel to the polishing surface) and 2 to 40um in depth
{perpendicular to the polishing surface); the pores 202/203 can be wider than they are deep.
The pores 203 in the window can be narrower and/or shorter and/or occupy a lower
percentage of volume than the pores 202 in the polishing layer 112

[0059] The acoustic window 118 can be formed integrally with the surrounding backing
igyer 114 {and polishing layer 112 if appropriate). In particular, the material of the window
118 and the material of the backing layer 114 can be intermingled at the interface. For
example, if the window 118 and backing layer 1 14 are formed by ejection of droplets of
different hiquad precursor materials, the droplets can intermingle along the boundary before
being cured. Similarly, if the window 118 extends through the polishing layer 112, then the
window 118§ and polishing layer 112 can be formed by eiection of droplets of different liquid
precursor materials, and the droplets can intermingle along the boundary before being cured.
As such, adhesive is not needed to secure the window 118 to the polishing pad 110

[0060] The acoustic window 118 can be wider than the acoustic sensor 162, e.g., as shown
in FIG. ZA, or the two can be of substantially equal width {e.g., within 10%). Where the
acoustic window 118 is narrower than the acoustic sensor 162, the sensor can also abut the
bottom of the backing layer 114.

[0061] The acoustic sensor 162 is a contact acoustic sensor 162 having a surface connected
to {e.g., in direct contact with, or having just an adhesive layer) a portion of the backing layer
114 and/or the acoustic window 118 For exaraple, the acoustic sensor 162 can be an
electromagnetic acoustic transducer or piezoelectric acoustic transducer. A piezoelectric
sensor can inchude a rigid contact plate, e.g., of stainless steel or the like, which s placed tuto
contact with the body to be monitored, and a piezosglectric assembly, e.g | a plezoelectric layer
sandwiched between two electrodes, on the backside of the contact plate.

13



WO 2023/283555 PCT/US2022/073435

[0062] The acoustic sensor 162 can be secured to a portion of the backing layer 114 and/or
to the acoustic window 118 by an adhesive fayer. The adhesive layer increases the contact
area between the acoustic sensor 162 and the backing layer 114 and/or acoustic window 118,
reduces undesirable motion in the acoustic sensor 162 during polishing operations, and can
reduce the presence of gas pockets between the acousiic sensor 162 and the backing layer 114
and/or acoustic window 118 thereby improving the coupling to the sensor, thus reducing noise
in the acoustic signal received by the acoustic sensor 162, The adhesive layer 170 canbe a
glue applied between the acoustic sensor 162 and the backing layer 114 and/or acoustic
window 118, or an adhesive strip {e.g., tape). For example, the adhesive layer canbea
cyanocacrylate, pressure sensitive adhesive, hot melt adhesive, etc. However, in some
implementations, the acoustic sensor 162 contacts the acoustic window 118 directly.

[0063] The acoustic window 118 extends through the backing layer 114 such that one
surface, e.g., an upper surface, contacts a lower surface 112b of the polishing layer 112, The
opposing surface, e.g., a bottom surface, can be coplanar with a lower surface of the backing
fayer 114.

[0064] The acoustic window 118 can be composed of a non-porous material. In general,
non-porous materials transmit acoustic signals with reduced noise and dispersion compared to
porous materials. The acoustic window 118 material can have a compressibility within a
range of the compressibility of the surrounding matrix material 204 that reduces the effect of
the acoustic window 118 on the polishing characteristics of the polishing layer 112, In some
implementations, the acoustic window 118 compressibility s within 10% of the matrix
material 204 compressibility (e.g., within 8%, within 5%, within 3%). In some
implementations, the acoustic window 118 is opague to light, e.g., visible light. The acoustic
window 118 can be composed of one or more of polyurethane, polyacrylate, polyethylene, or
another polymer that has a sufficiently low acoustic impedance coefficient.

[0065] The acoustic window 118 is shown extending through the total thickness of the
backing layer 114, However, the bottom of the acoustic window 118 could be recessed
relative to the botiom of the backing layer 114, The acoustic sensor 162 extends through an
aperture in the platen 120 to contact the underside of the window 118,

[0006]  In some implementations, the acoustic monitoring system 160 includes an
acoustically transmissive layer, e.g., an index-matching material, between the acoustic sensor
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162 and the window 118. Assuming an adhesive is used, the acoustically transmissive layer
can be in contact with the adhesive layer which provides increased acoustic signal coupling
between the elements in contact with the transmissive layer. The transmissive layer can be
arranged between the acoustic window 118 and the adhesive layer, or between the adhesive
iayer and the acoustic sensor 162, In some implementations, the acoustic monitoring system
160 includes the adhesive layer, the transmissive layer, or both. For example, the
transmissive layer can be a layer of Aqualink™, Rexolite, ot Aqualene™. In some
implementations, the transmissive layer has an acoustic attenuation coefficient that is within
20%, e.g., 10%, of the acoustic attenuation coefficient of the acoustic window 118, The
acoustically transmissive layer can have an acoustic attenuation coefficient less than the
acoustic attenuation coefficient of the surrounding backing layer 114

[0067] FIG. 2B shows an implementation of the pad 110 having a region 119 in the
polishing layer 112 in which the region 119 does not includes pores 202, but can otherwise be
constructed as described for the implementation of FIG. 2A. Without wishing to be bound by
theory, the acoustic signal dispersion through the region 119 can be reduced by decreasing the
number of changes of acoustic refractive index associated with multiple material boundaries,
such as for example, the contact area between the matrix material 200 and the pores 202.
Therefore the acoustic signal which reaches the acoustic window 118 and acoustic sensor 162
arranged beneath can have decreased dispersion and noise. Thus, in this implementation the
window 118 might not include pores.

[0068]  In some implementations, the acoustic window 118 extends through the thickness of
the pad 110. As shown in FIG. 2C, the acoustic window 118 extends through both the
polishing layer 112 and the backing layer 114, Here, the acoustic window 118 has a lower
acoustic impedance than the surrounding polishing layer 112 and backing layer 114, The
acoustic window 118 is positioned such that the top surface of the acoustic window 118 13
coplanar with the polishing surface 112a, and the bottom surface of the acoustic window is
coplanar with the lower surface of the backing layer 114, e.g., lower surface 114b, that
contacts the platen 120. The acoustic sensor 162 contacts the exposed surface of the acoustic
window 118 and receives the transmitted acoustic signal.

[6069] The acoustic window 118 is formed of a different material than the polishing layer
112, This permits the backing layer 114 to be composed of a wider range of materials to meet
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the needs of the CMP operation. In other respects, the implementation of FIG. 2C be
constructed as described for the implementations of FIGS. 2A-2B.

[0070] FIG 2D illustrates an implementation that is similar to FIG. 2A or 2B, but the
window 118 in the backing layer 114 is provided by a portion of the polishing laver 112 that
projects downward into an aperture 114a in the backing layer 114, Thus, the window 118
forms a unitary body with the rest of the polishing layer 112, 1.¢, there is no gap,
discontinuity of material composition, etc., that provides a seam between the two portions.
The bottom surface of the protruding portion 118 of the polishing layer can be coplanar with
the fower surface 114b of the backing layer 114

[0071]  In addition, although FIG. 2D illustrates the region 119 of the polishing layer 112 as
facking pores (such as in FIG. 2B), the window 118 can include liquid-filled pores 202 (such
as those shown in FIG. 2A). FHither the upper section that spans the thickness of the polishing
igyer 112 can include liguid-filled pores 202, or the lower protruding portion can include
liquid-filled pores 202, or both.

{60721 Referring to FIG. 2E, in some implementations the acoustic transmission of both the
polishing layer 112 and the backing layer 114 are sufficiently high that an acoustic window i3
not required. In this case, the acoustic sensor 162 can be placed in direct contact with the
fower surface 114b of the backing layer 114

{60731 Conventional polishing pads 110 typically include a porous backing layer 114
Without being limited to any particular theory, the pores 202 increase the acoustic impedance
of the backing layer 114. However, by forming the backing layer 114 of a non-porous but
compressible material, a significantly lower acoustic impedance can be achieved, thus
enabling monttoring of an acoustic signal without requiring a window 118 for the backing
fayer 114. In addition, as described above, the liquid-tilled pores 202 are also acoustically
transmissive and thus do not increase acoustic impedance such that a window 118 is needed
for the polishing layer 112, Moreover, the window 118 in the backing layer 114 can have
liguid-filled pores. be

[0074] In some implementations, the acoustic monitoring system 160 inclades an active
acoustic monitoring system. Such implementations include an acoustic signal generator and

an acoustic sensor, such as acoustic sensor 162,
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(00751 The active acoustic generator generates (i.e., emits) acoustic signals from a side of
the subsirate closer to the polishing pad 110. The generator can be connected by circuitry 168
to a power supply and/or other signal processing electronics 166 through a rotary coupling,
e.g., a mercury slip ring. The signal processing electronics 166 can be connected in tumn to
the controlier 190, which can be additionally configured to control the magnitude or

¢., by variably increasing or

=2t

frequency of the acoustic energy transmitted by the generator, ©
decreasing the current supply to the generator. The acoustic signal generator 163 and acoustic
sensor 162 can be coupled to one another, though this 1s not required. The sensor 162 and the
generator can be decoupled and physically separated froro one another. For the generator,
commercially available acoustic signal generators can be used. The generator can be attached
to platen 120

[0076] In some implementations a plurality of acoustic sensors 162 can be installed in the
platen 120 beneath respective acoustic windows 118, Each acoustic sensor 162 has an
associated acoustic window 118, EHach sensor 162 can be configured in the manner described
for any of FIGS. 1 and 2ZA-2E. In some implementations, such as the implementation of FIG.
3, the plurality of sensors 162 can be positioned at different angular positions around the axis
of rotation of the platen 120, but at the same radial distance from the axis of rotation. In
particular, the sensors 162 can be distributed at equal angular intervals around the axis of
rotation. In some implementations, the plurality of sensors 162 are positioned at different
radial distances from the axis of rotation of the platen 120, but at the same angular position.
In some implementations, the plurality of sensors 162 are be positioned at different angular
positions around and different radial distances from the axis of rotation of the platen 120, as
shown in the implementation of FIG. 3.

{00771  In some implementations, the acoustic window 119 is surrounded by a smooth
portion 174 of the polishing layer 112, As shown in FIG. 4, the smooth portion 174 lacks
grooves 116 and s coplanar with the upper surface of the acoustic window 119.
Implenentations including a sruooth portion 174 surrounding the acoustic window 119 can
reduce noise associated with the substrate 10 interacting with the grooves 116 of a polishing
fayer 112 during a polishing operation.

[0078] Turning now to the signal from the sensor 162 of any of the prior implementations,
the signal, ¢ g, after amplification, preliminary filtering and digitization, can be subject to

1
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data processing, e.g., in the controller 190, for either endpoint detection or feedback or
feedforward control.

[0079] In some implementations, the controller 190 is configured to monitor acoustic foss.
For example, the received signal strength is compared fo the emitted signal strength to
generate a normalized signal, and the normalized can be monitored over time 1o detect
changes. Such changes can indicate a polishing endpoint, e.g., if the signal crosses a
threshold value.

[0080] In some implementations, a frequency analysis of the signal is performed. For
example, frequency domain analysis can be used to determine changes in the relative power
of spectral frequencies, and to determine when a film transition has occurred at a particular
radius. Information about time of transition by radius can be used to trigger endpoint. As
another example, a Fast Fourier Transform (FFT) can be performed on the signal to generate a
frequency spectrum. A particular frequency band can be monitored, and if the intensity in the
frequency band crosses a threshold value, this can indicate exposure of an underlying layer,
which can be used to trigger endpoint. Alternatively, it a location {(e.g., wavelength} or
bandwidth of a local maxima or minima in a selected frequency range crosses a threshold
value, this can indicate exposure of an underlying fayer, which can be used to trigger
endpoint. For example, for monitoring of polishing of 1uter-layer dielectric (iLD) n a
shallow trench isolation (S§T1), a frequency range of 225 kHz to 350kHz can be monitored.
[0081] As ancther example, a wavelet packet transform (WPT) can be performed on the
signal to decompose the signal into a low-frequency component and a high frequency
component. The decomposition can be iterated if necessary to break the signal into smaller
components. The intensity of one of the frequency components can be monitored, and if the
intensity in the component crosses a threshold value, this can indicate exposure of an
underlying layer, which can be used to trigger endpoint.

[0082] Assuming the positions of the sensors 162 relative to the substrate 10 are known,
e.g., using a motor encoder signal or an optical intertupter attached to the platen 120, the
positions of the acoustic events on the substrate can be calculated, e.g., the radial distance of
the event from the center of the substrate can be calculated. Determination of the position of
a sensor relative to the substrate is discussed in U.S. Patent No. 6,159,073 and in 1J.S. Paient

Ne 6,296,548, incorporated by reference.
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{00831 Various process-meaningful acoustic events include micro-scratches, film transition
break through, and film clearing. Various methods can be used to analyze the acoustic
emission signal from the waveguide. Fourier transformation and other frequency analysis
methods can be used to determine the peak frequencies occurring during polishing.
Experimentally determined thresholds and monitoring within defined frequency ranges are
used to identify expected and unexpected changes during polishing. Examples of expected
changes include the sudden appearance of a peak frequency during transitions in film
hardness. Examples of unexpected changes include problems with the consumable set (such
as pad glazing or other process-drift-inducing machine health problems).

[0084]  In operation, as a device substrate 10 is being polished at the polishing station 100,
an acoustic signal 1s collected from the in-situ acoustic monitoring system 160. The signal is
monitored to detect exposure of the underdying layer of the substrate 10. For example, a
specific frequency range can be monitored, and the intensity can be monitored and compared
to an experimentally determined threshold value.

{00851 Detection of the polishing endpoint triggers halting of the polishing, although
polishing can continue for a predetermined amount of time afier endpoint trigger.
Alternatively or in addition, the data coilected and/or the endpoint detection time can be fed
forward to control processing of the substrate in a subsequent processing operation, ¢.g.,
polishing at a subsequent station, or can be fed back to control processing of a subsequent
substrate at the same polishing station. For example, detection of the polishing endpoint can
trigger moditication to the current pressures of the polishing head. As another example,
detection of the polishing endpoint can trigger modification to the baseline pressures of the
subsequent polishing of a new substrate.

[0086] Implementations and all of the functional operations described in this specification
can be implemented in digital electronic circuitry, or in compuier software, firmware, or
hardware, including the structural means disclosed in this specification and structural
equivalents thereof, or in combinations of them. Tmplementations described heretn can be
implemenied as one or more non-transitory computer program products, i.e., one or more
computer programs tangibly embodied in a machine readable storage device, for execution
by, or to control the operation of, data processing apparatus, e.g., a programmable processor, a
computer, or multiple processors or computers.
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[GO87] 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 orasa
module, component, subroutine, or other unit suitable for use in a computing environment. A
computer program does not necessarily correspond to a file. A program can be stored ina
portion of a file that holds other programs or data, in a single file dedicated to the program in
question, or in multiple coordinated files {e.g., files that store one or more modules, sub
programs, or portions of code). A computer program can be deployed to be executed on one
computer or on multipie computers at one site or distributed across multiple sites and
interconnected by a communication network.

[0088] The processes and logic flows described in this specitication 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 cutput. 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).

[0089] The term “data processing apparatus” encompasses all apparatus, devices, and
machives for processing data, including by way of example a programmable processor, a
computer, or muktiple processors or computers. The apparatus can include, in addition to
hardware, code that creates an execution environment for the computer program in question,
e.g., code that constitutes processor firmware, a protocol siack, a database management
system, an operating system, or a combination of one or more of them. Processors suitable for
the execution of a computer program include, by way of example, both general and special
purpose microprocessors, and any one or more processors of any kind of digital computer.
[0090] Computer readable media suitable for storing computer program instructions and
data include all forms of non-volatile memory, media and memory devices, including by way
of example semiconductor memory devices, e.g., EPROM, EEPROM, and flash memory
devices; magnetic disks, e.g., internal hard disks or removable disks; magneto optical disks;
and CD ROM and DVD-ROM disks. The processor and the memory can be supplemented by,

or incorporated in, special purpose logic circuitry.
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{00911 The above described polishing apparatus and methods can be applied in a variety of
polishing systems. Either the polishing pad, or the carrier head, or both can move to provide
refative motion between the polishing surface and the wafer. For example, the platen may
orbit rather than rotate. The polishing pad can be a circular {or some other shape) pad secured
to the platen. Some aspects of the endpoint detection system may be applicable to linear
polishing systems (e.g., where the polishing pad is a continuous or a reel-to-reel belt that
roves linearly). The polishing layer can be a standard {for example, polyurethane with or
without fillers) polishing material, a soft material, or a fixed-abrasive material. Terms of
relative positioning are used; it should be understood that the polishing surface and wafer can
be held in a vertical orientation or some other orientations.

[0092]  While this specification contains many specifics, these should not be construed as
limitations on the scope of what may be claimed, but rather as descriptions of features that
may be specific to particular ermbodiments of particular inventions. In some implementations,
the method could be applied to other combinations of overlying and underlying materials, and

.....

current monitoring systems.
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CLAIMS

What is claimed is:

I A polishing pad, comprising

a polishing layer;

a backing layer; and

an acoustic window of solid material having an acoustic impedance less than that of
the backing layer and extending through the backing layer to contact the bottom surface of the

polishing layer.

2. The polishing pad of claim I, where the acoustic window s non-porous.
3 The polishing pad of claim 1, where the acoustic window comprises a matrix material

with liquid filted pores.

4. The polishing pad of claim I, wherein the polishing layer comprises a porous portion
and a non-porous portion that extends through the thickness of the polishing layer, and the

acoustic window is arranged within the backing layer in coutact with the non-porous portion.

S. The polishing pad of claim 1, wherein the pelishing laver has a polishing surface with
a first region without grooves and a second region that susrounds the first region that has a

plurality of grooves, and wherein the acoustic window is aligned with the first region.

6. The polishing pad of claim 1, wherein a portion of the polishing pad directly above the

acoustic window comprises a matrix material with liquid filled pores.

7. The polishing pad of claim 6, wherein the polishing layer has a substantially uniform

composition including the matrix material with liquid filled pores across the polishing pad.

8. The polishing pad of claim 1, wherein the acoustic window has the same

compressibility as a backing layer.
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g. The polishing pad of claim 1, wherein the acoustic window and the backing layer are

secured by an interface of intermingled polymer.

10. A chemical mechanical polishing apparatus, comprising:

a platen;

a polishing pad according to claim 1 supporied on the platen;

a carrier head to hold a substrate against the polishing pad;

a motor to generate relative motion between the platen and the carrier head so as to
polish an overlying layer of the substrate;

an in-situ acoustic monitoring system comprising an acoustic sensor coupled to the
acoustic window to receive acoustic signals from the substrate; and

a controller configured to detect a polishing transition point based on received acoustic

signals from the in-situ acoustic monitoring systen.

I A polishing pad comprising:

a polishing layer;

a backing layer; and

an acoustic window extending through the backing layer and the polishing laver,
wherein an upper surface of the acoustic window 18 coplanar with a polishing surface of the

polishing fayer.

12, The polishing pad of claim 11, where the polishing layer is porous and the acoustic

Window is pon-porous.

13, The polishing pad of claim 11, wherein the acoustic window and the polishing layer

are secured by an interface of intermingled polymer.

14 The polishing pad of claim 13, wherein the acoustic window and the backing layer are

secured by another interface of intermingled polymer.

]
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IS, A chemical mechanical polishing apparatus, comprising

a platen;

a polishing pad according to claim 11 supported on the platen;

a carrier head to hold a subsirate against the polishing pad;

a motor to generate relative rmotion between the platen and the carrier head so as to
polish an overlying layer of the substrate;

an in-sifu acoustic monitoring system comprising an acoustic sensor coupled to the
acoustic window to receive acoustic sigoals from the substrate; and

a controller configured to detect a polishing transition point based on received acoustic

signals from the in-situ acoustic monitoring system,

16. A chemical mechanical polishing apparatus, comprising:
a platen;
a polishing pad supported on the platen, the polishing pad including
a polishing layer comprising a solid matrix material with liquid-filled pores,
and
a backing layer;
a carrier head to hold a surface of a substrate against the polishing layer of the
polishing pad;
a motor 1o generate relative motion between the platen and the carrier head so as to
polish an overlying layer of the substrate;
an in-situ acoustic monitoring system comprising an acoustic sensor coupled to the
backing layer to receive acoustic signals from the substrate; and
a controlter configured to detect a polishing transition point based on received acoustic

signals from the in-situ acoustic monitoring system.

17.  The apparatus of claim 16, wherein the backing laver comprises a first matrix material
including a first polymer and a second polymer and the polishing layer comprises a second

matrix material having pores, the second matrix material including the first polymer and the
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second polymer in a different percentage contribution than the first matrix material that the

backing layer is more compressible than the polishing layer.

18. The apparatus of claim 16, wherein the backing layer is non-porous.

19, The apparatus of claim 16, wherein the polishing layer has a polishing surface with a
first region without grooves and a second region that surrounds the first region that has a
plurality of grooves, and wherein the accustic sensor is aligned with the first region.

20, The apparatus of claim 10, wherein the polishing layer comprises a porous portion and
a non-porous solid portion that extends through the thickness of the polishing layer, and the

acoustic window is arranged within the backing layer in contact with the solid portion.

21. The apparatus of claim 16, wherein the coniroller is configured to indicate an exposure

of an underlying layer in response to detection of the polishing transition point.

22, The apparatus of claim 16, wherein the controller is configured to change a polishing

parameter in response to detection of the polishing transition point.

23, A method of fabricating a polishing pad, comprising:

successively depositing a first plurality of layers with a 31 printer to form a backing
layer of the polishing pad, each laver of the first plurality of lavers including a backing
material portion and an acoustic window portion having a lower acoustic impedance than the
backing material portion, the backing material portion and the acoustic window portion
deposited by ejecting a plurality of precursor materials from one or more nozzles and
solidifying the plurality of precursor materials to form a solidified backing material and a
solidified acoustic window, wherein ejecting the plurality of precursor materials {rom the one
or more nozzles forms an interface with intermingled polymer that directly bonds the
solidified acoustic window and the soliditied backing material; and

successively depositing a second plurality of layers with the 31 printer to form a
polishing layer of the polishing pad on the backing layer.
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24. A wethod for mavnufacturing a polishing pad, comprising:

depositing a backing layer comprising a first material;

curing the backing layer;

depositing a polishing layer atop the backing layer, the polishing layer comprising a
second material;

cuting the polishing layer;

removing a portion of the backing layer creating an aperture; and

inserting an acoustic window comprising a third material into the aperture.



