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DESCRIPTION
Title of Invention
CHEMICAL MECHANICAL POLISHING SYSTEM FOR A WORKPIEE,
ARITHMETIC SYSTEM, AND METHOD OF PRODUCING SIMULATDN MODEL
FOR CHEMICAL MECHANICAL POLISHING

Technical Field

[0001] The present invention relates to a cheminakchanical polishing system for
polishing a surface of a workpieces, such as waidstrate, or panel, and particularly
relates to a cyber-physical system that optimizesinaulation model for chemical
mechanical polishing based on actual measuremetd di chemical mechanical
polishing.

Background Art

[0002] In manufacturing of semiconductor devicesjaus types of films are formed on
a wafer. After the film forming process, the waisrpolished in order to remove
unnecessary parts of the film and surface irregidar Chemical mechanical polishing
(CMP) is a typical technique for the wafer polighin CMP is performed by rubbing the
wafer against a polishing surface while supplyihgrg onto the polishing surface. A
film that forms the surface of the wafer is polidhi®y a combination of a chemical action
of the slurry and a mechanical action of abrasiaéng contained in the slurry.

[0003] Simulation techniques for wafer polishingredeen developed for the purpose
of estimating a film thickness of a wafer and detecan end point of wafer polishing.
Machine learning, such as deep learning, is a &pechnique for polishing simulation.
For example, a model constituted of a neural nétwsocreated by machine learning, and
polishing conditions for a wafer are input into tnedel, so that an estimated value of a
polishing result is output from the model. Polghiestimation by such machine
learning is expected as a technique capable ofimibgaan estimation result closer to

actual polishing.
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[0004] Patent document 1: Japanese laid-open patdafication No. 2012-74574
Summary of Invention

Technical Problem

[0005] However, a large amount of training datadatled big data) is required for the
operations of producing a model by the machineniegr In particular, in order to
create a model that can output more accurate pujjsiesult, a larger amount of data is
required. As a result, it takes a long time toatgethe model. Furthermore, since the
model itself has a complicated structure, it talkaglatively long time for the model to
output the polishing result.

[0006] In addition, the model constituted of theira network is a so-called black box,
and it is unknown what structure it has (or whaiglveparameters it has). Therefore, if
an actual polishing result and the polishing resutput from the model are different, it is
impossible to identify a part to be corrected ia thodel. In order to correct the model,
additional training data is required and it takesra time to correct the model.

[0007] Therefore, the present invention providesheemical mechanical polishing
system and an arithmetic system capable of acdyratel quickly estimate a result of
polishing of a workpiece, such as a wafer, by usanghysical model. The present
invention also relates to a method of producingiraukation model for chemical
mechanical polishing.

Solution to Problem

[0008] In an embodiment, there is provided a chaminechanical polishing system
comprising: a polishing table configured to suppopolishing pad having a polishing
surface; a polishing head configured to press &p¥ece against the polishing surface; a
slurry supply nozzle configured to supply slurryt@rihe polishing surface; and an
arithmetic system having a memory storing theresimaulation model including at least a

physical model configured to output an estimatddspmg physical quantity including an
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estimated polishing rate of the workpiece, thenargtic system being configured to input
polishing conditions for the workpiece into the alation model; output the estimated
polishing physical quantity of the workpiece frohretsimulation model; and determine
model parameters of the simulation model that btimg estimated polishing physical
quantity closer to a measured polishing physicahgty of the workpiece.

[0009] In an embodiment, the physical model inckuda polishing-rate model
configured to calculate the estimated polishing rait the workpiece, and a polishing-
torque model configured to calculate an estimateldies of torque generated due to a
sliding resistance of the polishing pad.

In an embodiment, the polishing-torque model idekia head rotation torque
model configured to calculate an estimated valua pblishing-head rotation torque for
rotating the polishing head and the workpiece anpghlishing pad about an axis of the
polishing head, and a pad rotation torque modefigored to calculate an estimated
value of a polishing-pad rotation torque for ratgtthe polishing pad about an axis of the
polishing pad.

In an embodiment, the chemical mechanical polglsiystem further comprises
a dresser configured to dress the polishing surfaberein the polishing-torque model
includes a dresser rotation torque model configuoedalculate an estimated value of a
dresser rotation torque for rotating the dressethenpolishing pad about an axis of the
dresser, and a dresser oscillation torque moddigrored to calculate an estimated value
of the dresser oscillation torque around an ogmhaaxis required for the dresser to
oscillate on the polishing pad.

In an embodiment, the simulation model furtheldudes a mathematical model
representing a deterioration of the polishing pétl & passage of a polishing time.

In an embodiment, the arithmetic system is coméduto: input the polishing
conditions to the simulation model having the daieed model parameters to calculate
an updated estimated polishing physical quantitgt evaluate a difference between the

updated estimated polishing physical quantity ahd measured polishing physical
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quantity.

[0010] In an embodiment, there is provided an argtic system for creating a
simulation model for chemical mechanical polishiegmprising: a memory storing a
program and the simulation model therein; a pramessnfigured to perform operations
according to instructions included in the progravherein the simulation model includes
at least a physical model configured to output stim&ted polishing physical quantity
including an estimated polishing rate of a workpiaghen chemically mechanically
polished, the arithmetic system being configurednjout polishing conditions for the
workpiece into the simulation model; output thareated polishing physical quantity of
the workpiece from the simulation model; and deteemmodel parameters of the
simulation model that bring the estimated polishiplgysical quantity closer to a
measured polishing physical quantity of the workpie

[0011] In an embodiment, there is providedn&thod of producing a simulation model
for chemical mechanical polishing, comprising: itimg polishing conditions for a
workpiece into the simulation model, the simulatmodel including at least a physical
model configured to output an estimated polishifgsical quantity including an
estimated polishing rate of the workpiece; outpgttthe estimated polishing physical
quantity of the workpiece from the simulation mqdablishing the workpiece using a
polishing apparatus; and determining model parametiethe simulation model that bring
the estimated polishing physical quantity closea tmeasured polishing physical quantity
of the workpiece, wherein the polishing apparahgudes: a polishing table configured
to support a polishing pad having a polishing stefaa polishing head configured to
press the workpiece against the polishing surfand;a slurry supply nozzle configured
to supply slurry onto the polishing surface.

[0012] In an embodiment, the physical model inckuda polishing-rate model
configured to calculate the estimated polishing rait the workpiece, and a polishing-
torque model configured to calculate an estimateldies of torque generated due to a

sliding resistance of the polishing pad.
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In an embodiment, the polishing-torque model idekia head rotation torque
model configured to calculate an estimated valua pblishing-head rotation torque for
rotating the polishing head and the workpiece anpghlishing pad about an axis of the
polishing head, and a pad rotation torque modefigored to calculate an estimated
value of a polishing-pad rotation torque for ratgtihe polishing pad about an axis of the
polishing pad.

In an embodiment, the polishing apparatus furtheludes a dresser configured
to dress the polishing surface, wherein the poigtiorque model includes a dresser
rotation torque model configured to calculate atimeted value of a dresser rotation
torque for rotating the dresser on the polishind phout an axis of the dresser, and a
dresser oscillation torque model configured to walke an estimated value of the dresser
oscillation torque around an oscillation axis reedifor the dresser to oscillate on the
polishing pad.

In an embodiment, the simulation model furthedudes a mathematical model
representing a deterioration of the polishing pétl & passage of a polishing time.

In an embodiment, thenethod further comprises: inputting the polishing
conditions to the simulation model having the daieed model parameters to calculate
an updated estimated polishing physical quantitg; @valuating a difference between the
updated estimated polishing physical quantity ahd measured polishing physical
quantity.

[0013] In an embodiment, there is provided a metbbdroducing a simulation model
for chemical mechanical polishing, comprising: itimg polishing conditions for a
workpiece into the simulation model, the simulatmodel including at least a physical
model configured to output an estimated polishifgsical quantity including an
estimated polishing rate of the workpiece; outpgttthe estimated polishing physical
quantity of the workpiece from the simulation mqd®id determining model parameters
of the simulation model that bring the estimatetishing physical quantity closer to a

measured polishing physical quantity of the workpie
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Advantageous Effects of Invention

[0014] The physical model included in the simulatimodel is a virtual chemical
mechanical polishing system that imitates an acpadishing apparatus. The model
parameters that construct the simulation model ideatified based on a difference
between the measured polishing physical quantity.,(@ measured polishing rate, a
measured machine torque, etc.) obtained from theabpolishing apparatus and the
estimated polishing physical quantity (e.g., annestied polishing rate, an estimated
machine torque, etc.) obtained from the simulatimdel. More specifically, the model
parameters for bringing the estimated polishingsptal quantity closer to the measured
polishing physical quantity are determined. Themef the simulation model can
accurately calculate an estimated polishing rata wiorkpiece. In particular, since the
creation of the physical model does not requireated big data, the simulation model
can calculate the result more quickly than a madet in the machine learning.

[0015]

[FIG. 1] FIG. 1 is a schematic diagram showing arbediment of a chemical mechanical
polishing system;

[FIG. 2] FIG. 2 is a cross-sectional diagram oféighing head shown in FIG. 1;

[FIG. 3] FIG. 3 is a flowchart explaining a method of idgnitig unknown model
parameters of a simulation model,

[FIG. 4] FIG. 4 is a schematic diagram showing velocity @excbn the polishing head, a
workpiece, and a dresser on a polishing pad;

[FIG. 5] FIG. 5 is a schematic diagram explaining a padimtaorque model;

[FIG. 6] FIG. 6 is a schematic diagram showing a distributsd coefficients of friction
of a workpiece;

[FIG. 7] FIG. 7 is a diagram explaining a position of a ninarea on a workpiece;

[FIG. 8] FIG. 8 is a graph showing a relationship betweeqgu® of the polishing pad and
polishing time; and

[FIG. 9] FIG. 9 is a graph showing a fitting function.
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Description of Embodiments

[0016] Hereinafter, embodiments of the present mtio® will be described with
reference to the drawings. FIG. 1 is a schemadigrdm showing an embodiment of a
chemical mechanical polishing system. As showkl@. 1, the chemical mechanical
polishing system includes a polishing apparatusrifigured to chemically mechanically
polish a workpiece W. The polishing apparatuscluitles a polishing table 5 configured
to support a polishing pad 2 having a polishingaxg 2a, a polishing head 7 configured
to press the workpiece W (e.g., a wafer, a sulesti@t a panel) against the polishing
surface 2a, a slurry supply nozzle 8 configuredupply slurry containing abrasive grains
onto the polishing surface 2a, and an operationrolber 80 configured to control
operations of the polishing apparatus 1. The pwolghead 7 is configured to be able to
hold the workpiece W on a lower surface of thegiotig head 7.

[0017] The polishing apparatus 1 further includesupport shaft 14, a polishing-head
oscillation arm 16 coupled to an upper end of thppsrt shaft 14 and configured to
oscillate the polishing head 7, a polishing-heaaftst8 rotatably supported by a free end
of the polishing-head oscillation arm 16, and aighahg-head rotating motor 20
configured to rotate the polishing head 7 aboutakss. The polishing-head rotating
motor 20 is arranged in the polishing-head osaiiatarm 16 and is coupled to the
polishing-head shaft 18 via a torque transmissiechranism (not shown) composed of a
belt, pulleys, etc. The polishing head 7 is codptea lower end of the polishing-head
shaft 18. The polishing-head rotating motor 2@&tex the polishing-head shaft 18 via
the torque transmission mechanism, and the pof@ishead 7 rotates together with the
polishing-head shaft 18. In this way, the polighivead 7 is rotated about its axis by the
polishing-head rotating motor 20 in a directionigaded by arrow.

[0018] The polishing apparatus 1 further includdslae rotating motor 21 configured
to rotate the polishing pad 2 and the polishingeta® about their axes. The table

rotating motor 21 is arranged below the polishiagleé 5, and the polishing table 5 is
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coupled to the table rotating motor 21 via a tahlaft 5a. The polishing table 5 and the
polishing pad 2 are rotated by the table rotatirgam21 about the table shaft 5a in a
direction indicated by arrow. The axes of the gfuhg pad 2 and the polishing table 5
coincide with the axis of the table shaft 5a. Pléishing pad 2 is attached to an upper
surface of the polishing table 5. An upper surfatthe polishing pad 2 constitutes the
polishing surface 2a for polishing the workpiece3tch as wafer.

[0019] The polishing-head shaft 18 is movable ud down relative to the polishing-
head oscillation arm 16 by an elevating mechanigm Z'his vertical movement of the
polishing-head shaft 18 causes the polishing hetmdniove up and down relative to the
polishing-head oscillation arm 16. A rotary joR& is attached to an upper end of the
polishing-head shaft 18.

[0020] The polishing apparatus 1 further includgsobshing-head oscillation motor 22
configured to oscillate the polishing head 7 onbéshing surface 2a. The polishing-
head oscillation motor 22 is coupled to the pofighhead oscillation arm 16. The
polishing-head oscillation arm 16 is configured#rotatable about the support shaft 14.
The polishing-head oscillation motor 22 is confeuirto swing the polishing-head
oscillation arm 16 clockwise and counterclockwiseabpredetermined angle around the
support shaft 14, so that the polishing head 7llaszs on the polishing pad 2 while the
polishing head 7 is pressing the workpiece W agdims polishing surface 2a of the
polishing pad 2.

[0021] In the present embodiment, the polishingdhescillation motor 22 is mounted
to the upper end of the support shaft 14, andraésged so as to swing the polishing-head
oscillation arm 16 without rotating the support fshb4. In one embodiment, the
polishing-head oscillation arm 16 may be fixedhe support shaft 14, and the polishing-
head oscillation motor 22 may be coupled to thepetpshaft 14 so as to rotate the
support shaft 14 together with the polishing-hesdilation arm 16.

[0022] The elevating mechanism 24 for elevating lanekring the polishing-head shaft
18 and the polishing head 7 includes a bearingha6 rotatably supports the polishing-
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head shaft 18, a bridge 28 to which the bearingsZtked, a ball screw mechanism 32
attached to the bridge 28, a support base 29 stgapbry support columns 30, and a
servomotor 38 fixed to the support base 29. Thepeu base 29 that supports the
servomotor 38 is coupled to the polishing-headllagicin arm 16 via the support columns
30.

[0023] The ball screw mechanism 32 includes a scebaft 32a coupled to the
servomotor 38 and a nut 32b into which the screafts3Pa is screwed. The nut 32b is
fixed to the bridge 28. The polishing-head sh&ftsimovable up and down (movable in
the vertical direction) together with the bridge 28 herefore, when the servomotor 38
drives the ball screw mechanism 32, the bridge 88ew up and down, thus causing the
polishing-head shaft 18 and the polishing headmawe up and down.

[0024] Polishing of the workpiece W is performed falows. While the polishing
head 7 and the polishing table 5 are rotating,slhery is supplied onto the polishing
surface 2a of the polishing pad 2 from the sluupm@y nozzle 8 provided above the
polishing table 5. The polishing pad 2 rotatestbgr with the polishing table 5 about
the axis of the polishing pad 2. The polishingcth&ais lowered to a predetermined
polishing position by the elevating mechanism 2Burther, the polishing head 7 presses
the workpiece W against the polishing surface 2thefpolishing pad 2 at the polishing
position. The workpiece W is placed in sliding ot with the polishing surface 2a of
the polishing pad 2 in the presence of the slumytlve polishing surface 2a of the
polishing pad 2. The surface of the workpiece Wpasished by a combination of a
chemical action of the slurry and a mechanicaloactf the abrasive grains contained in
the slurry.

[0025] The polishing apparatus 1 includes a dres8aronfigured to dress the polishing
surface 2a of the polishing pad 2, a dresser $iativ which the dresser 50 is coupled, an
air cylinder 53 as a dresser-pressing actuator tedwo an upper end of the dresser shaft
51, a dresser oscillation arm 55 that rotatablypsus the dresser shaft 51, and a support

shaft 58 to which the dresser oscillation arm Sfixisd.
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[0026] The dresser 50 has a lower surface thattitotes a dressing surface 50a. This
dressing surface 50a is composed of abrasive gffanexample, diamond particles).
The air cylinder 53 is arranged on a support b&ssupported by columns 56, and these
columns 56 are fixed to the dresser oscillation &&n The air cylinder 53 is coupled to
the dresser 50 via the dresser shaft 51. Theyéirder 53 is configured to vertically
move the dresser shaft 51 and the dresser 50 tgatial press the dressing surface 50a
of the dresser 50 against the polishing surfaceoRdhe polishing pad 2 with a
predetermined force. Instead of the air cylind8r & combination with a servomotor
and a ball screw mechanism may be used as theedq@essing actuator.

[0027] The polishing apparatus 1 further includesesser rotating motor 60 configured
to rotate the dresser 50 about its axis. The drasgating motor 60 is arranged in the
dresser oscillation arm 55, and is coupled to tiesskr shaft 51 via a torque transmission
mechanism (not shown) composed of a belt, pulletes, The dresser 50 is coupled to a
lower end of the dresser shaft 51. The dressatingtmotor 60 rotates the dresser shaft
51 via the torque transmission mechanism, and éesdr 50 is rotated together with the
dresser shaft 51. In this way, the dresser 5Mt@ted about the axis thereof by the
dresser rotating motor 60 in a direction indicatgdrrow.

[0028] The polishing apparatus 1 further includesdrasser oscillation motor 63
configured to oscillate the dresser 50 on the pwoigssurface 2a. The dresser oscillation
motor 63 is coupled to the support shaft 58. Titesgkr oscillation arm 55 is configured
to be rotatable together with the support shafab®&ut the support shaft 58. The dresser
oscillation motor 63 is configured to swing the sher oscillation arm 55 clockwise and
counterclockwise by a predetermined angle arourd silipport shaft 58, so that the
dresser 50 oscillates on the polishing pad 2 inrélokal direction of the polishing pad 2
while the dresser 50 is pressing the dressing cif@a against the polishing surface 2a
of the polishing pad 2.

[0029] In the present embodiment, the dresserlasoih arm 55 is fixed to the support

shaft 58, and the dresser oscillation motor 63igpted to the support shaft 58 so as to
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rotate the support shaft 58 together with the dressscillation arm 55. In one
embodiment, the dresser oscillation motor 63 maynioeinted to the upper end of the
support shaft 58 and may be arranged so as to sthmglresser oscillation arm 55
without rotating the support shaft 58.

[0030] Dressing of the polishing surface 2a of padishing pad 2 is performed as
follows. During polishing of the workpiece W, tldresser 50 is rotated about the
dresser shaft 51, and the dressing surface 50Bheofitesser 50 is pressed against the
polishing surface 2a by the air cylinder 53. Thesder 50 is placed in sliding contact
with the polishing surface 2a in the presence efghurry on the polishing surface 2a.
While the dresser 50 is in sliding contact with thalishing surface 2a, the dresser
oscillation motor 63 swings the dresser oscillati@am 55 clockwise and
counterclockwise about the support shaft 58 byealgtermined angle, so that the dresser
50 is moved in the radial direction of the polighpad 2. In this way, the polishing pad
2 is scraped off by the dresser 50, and dressiag (egeneration) of the polishing surface
2a is achieved.

[0031] In the present embodiment, the dressindn@fpolishing surface 2a is performed
during the polishing of the workpiece W, while ineoembodiment, the dressing of the
polishing surface 2a may be performed after théspiolg of the workpiece W. In this
case, pure water may be supplied onto the polisburface 2a instead of the slurry
during dressing.

[0032] FIG. 2 is a cross-sectional view of the gloing head 7 shown in FIG. 1. The
polishing head 7 includes a carrier 71 fixed to gbéshing-head shaft 18, and a retainer
ring 72 arranged below the carrier 71. A flexiblembrane (or an elastic membrane) 74,
which is arranged to contact the workpiece W, id lo@ a lower portion of the carrier 71.
Four pressure chambers G1, G2, G3 and G4 are fobmeeen the membrane 74 and
the carrier 71. The pressure chambers G1, G2,n@3>d are formed by the membrane
74 and the carrier 71. The central pressure char@deis circular, and the other

pressure chambers G2, G3, and G4 are annular. eTiressure chambers G1, G2, G3
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and G4 are concentrically arranged. In one embedimmore than four pressure
chambers may be provided, or less than four press\ambers may be provided.

[0033] Compressed gas, such as compressed aippdied into the pressure chambers
G1, G2, G3, and G4 by a gas supply source 77 vid f)tassages F1, F2, F3, and F4,
respectively. The workpiece W is pressed agaihset folishing surface 2a of the
polishing pad 2 by the membrane 74. More spedlficaressures of the compressed
gas in the pressure chambers G1, G2, G3 and G#4rathe workpiece W via the
membrane 74 to press the workpiece W against thehpay surface 2a. The pressures
in the pressure chambers G1, G2, G3 and G4 carhéeged independently, so that
polishing pressures on corresponding four regidrthe workpiece W, namely a central
portion, an inner intermediate portion, an outderimediate portion, and a peripheral
portion, can be regulated independently. The presshambers G1, G2, G3 and G4
communicate with a vacuum source (not shown) \edlthid passages F1, F2, F3 and F4.
[0034] An annular rolling diaphragm 76 is arrandgsetween the carrier 71 and the
retainer ring 72, and a pressure chamber G5 isddrmside the rolling diaphragm 76.
The pressure chamber G5 communicates with theuggiyssource 77 via a fluid passage
F5. The gas supply source 77 supplies the comgasss into the pressure chamber G5,
and the compressed gas in the pressure chambereG&ep the retainer ring 72 against
the polishing surface 2a of the polishing pad 2.

[0035] The peripheral portion of the workpiece Wi anlower surface (i.e., a workpiece
pressing surface) of the membrane 74 are surroubgdtie retainer ring 72. During
polishing of the workpiece W, the retainer ringt2sses the polishing surface 2a of the
polishing pad 2 outside the workpiece W so as évgmt the workpiece W from coming
off from the polishing head 7 during polishing bétworkpiece W.

[0036] The fluid passages F1, F2, F3, F4, and FEénekfrom the pressure chambers G1,
G2, G3, G4, and G5 to the gas supply source 77thearotary joint 25. Pressure
regulators R1, R2, R3, R4, and R5 are attachebedluid passages F1, F2, F3, F4, and

F5, respectively. The compressed gas from thesgagly source 77 is supplied into the
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pressure chambers G1 to G5 through the pressuntates R1 to R5, the rotary joint 25,
and the fluid passages F1 to F5.

[0037] The pressure regulators R1, R2, R3, R4, Rdare configured to regulate the
pressures in the pressure chambers G1, G2, GRr@455. The pressure regulators R1,
R2, R3, R4 and R5 are coupled to the operationralbeit 80. The operation controller
80 is coupled to an arithmetic system 47. Thealfpassages F1, F2, F3, F4, and F5 are
further coupled to vent valves (not shown), so thatpressure chambers G1, G2, G3, G4,
and G5 can be ventilated to the atmosphere.

[0038] The operation controller 80 is configuredgenerate target pressure values for
the pressure chambers G1 to G5, respectively. opfeeation controller 80 sends the
target pressure values to the pressure regulatbte R5, and the pressure regulators R1
to R5 operate such that the pressures in the peeseambers G1 to G5 coincide with the
corresponding target pressure values. Since thehpw head 7 having the plurality of
pressure chambers G1, G2, G3, and G4 can indepindeess the corresponding
regions of the surface of the workpiece W agaihst polishing pad 2 based on the
progress of polishing, the polishing head 7 canispol film of the workpiece W
uniformly.

[0039] During the polishing of the workpiece W, thalishing head 7 is maintained at a
reference height. The reference height of thesholg head 7 is a relative height of the
entire polishing head 7 with respect to the polighsurface 2a of the polishing pad 2.
The compressed gas is supplied to the pressurebehiar®l, G2, G3, G4, and G5 with
the polishing head 7 at the reference height. fMleenbrane 74 forming the pressure
chambers G1, G2, G3 and G4 presses the workpieagaiist the polishing surface 2a of
the polishing pad 2, and the rolling diaphragm @6ming the pressure chamber G5
presses the retainer ring 72 against the poliskumtace 2a of the polishing pad 2.

[0040] Referring back to FIG. 1, the chemical meubal polishing system further
includes an arithmetic system 47 having a simutatimdel for simulating the polishing

of the workpiece W and calculating estimated pahlghphysical quantities of the
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workpiece W. The arithmetic system 47 is eleciycaoupled to the polishing
apparatus 1. More specifically, the arithmetictays 47 is coupled to the operation
controller 80. The simulation model represents idua polishing apparatus that
imitates the above-discussed polishing apparatugliding the polishing table 5, the
polishing head 7, and the dresser 50. The actodthing apparatus 1 and the
simulation model, which is the virtual polishingpapatus constructed in a virtual space,
constitute a digital twin. A system that utilizesch a digital twin is a called cyber-
physical system in which a simulation result is bedk to the real world so that optimum
control is performed (for example, control is penied so that the workpiece can be
polished to have a flatter surface).

[0041] When preset polishing conditions are inpat the simulation model, the
simulation model performs virtual chemical mechahipolishing of the workpiece W
using the virtual polishing apparatus, and outgstimated polishing physical quantities,
such as an estimated polishing rate of the workpdt Examples of the polishing
conditions include a rotation speed of the polighiable 5 [mift or rad/s], a rotation
speed of the polishing head 7 [flior rad/s], pressure [Pa] applied from the workeiec
W to the polishing surface 2a of the polishing fadpressure [Pa] applied from the
retainer ring 72 to the polishing surface 2a of plodishing pad 2, a relative position
between the polishing head 7 and the polishingZyaal rotation speed of the dresser 50
[min™ or rad/s], pressure [Pa] applied from the dre&$eto the polishing surface 2a of
the polishing pad 2, a relative position between dhesser 50 and the polishing pad 2,
and a position and a flow rate of the slurry suggpli The polishing rate is defined as an
amount of surface material of the workpiece W reetbper unit time. The polishing
rate may be referred to as a material removal rate.

[0042] The arithmetic system 47 includes a memofg é which programs and the
simulation model are stored, and a processor 47figuwed to perform arithmetic
operations according to instructions included i gorograms. The memory 47a

includes a main memory, such as RAM, and an auyitieemory, such as hard disk drive
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(HDD) or solid state drive (SSD). Examples of thecessor 47b include a CPU
(central processing unit) and a GPU (graphic piogsunit). However, the specific
configurations of the arithmetic system 47 arelmoited to these examples.

[0043] The arithmetic system 47 is composed ofeasi one computer. The at least
one computer may be one server or a plurality ofegs. The arithmetic system 47 may
be an edge server, a cloud server coupled to a cmation network, such as the
Internet or a local area network, or a fog sermstalled in a network. The arithmetic
system 47 may be a plurality of servers coupled bpmmunication network, such as the
Internet or a local area network. For example, dh¢éhmetic system 47 may be a
combination of an edge server and a cloud server.

[0044] The simulation model is composed of at lemgthysical model configured to
output the estimated polishing physical quantitieshe simulation model is stored in the
memory 47a. The physical model includes at leagiobshing-rate model and a
polishing-torque model. The polishing-rate modehiphysical model for calculating an
estimated polishing rate, which is an example efdktimated polishing physical quantity.
The polishing-torque model is a physical model datculating an estimated value of
torque required for each mechanical element optilishing apparatus 1 due to a sliding
resistance of the polishing pad 2. The estimatddevof torque is also an example of
the estimated polishing physical quantity as wedl the estimated polishing rate.
Specific examples of the torque include a polisHiegd rotation torque for rotating the
polishing head 7 and the workpiece W about the aixiee polishing head 7, a polishing-
pad rotation torque for rotating the polishing Ragbr the polishing table 5) about its axis,
a dresser rotation torque for rotating the dre&€erabout its axis, a dresser oscillation
torque around an oscillation axis required to tesilthe dresser 50 on the polishing pad
2, and a head oscillation torque around an osobabtxis required to oscillate the
polishing head 7 on the polishing pad 2.

[0045] The simulation model contains multiple moderameters. These model

parameters include known model parameters detediupehe polishing conditions (e.qg.,
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the polishing pressure, the rotation speed of tiisliing head 7, the rotation speed of the
polishing pad 2), and unknown model parameterd) sisca coefficient of friction of the
workpiece W. Once the unknown model parametersdatermined, the estimated
polishing physical quantities (e.g., the estimatelishing rate and the estimated values of
the various torques) of the workpiece W can be wufppm the simulation model by
inputting the polishing conditions into the simudat model.

[0046] Measured polishing physical quantities idguan actual polishing rate of the
workpiece W and measured values of various torgaqsired in the polishing of the
workpiece W. These measured polishing physicahtiies can be determined from
measurement data. The arithmetic system 47 isgroefl to identify or determine the
unknown model parameters of the simulation modelubyg the measured polishing
physical quantities, obtained by actual polishings identification parameters.
Identification of the unknown model parameters @s lring the unknown model
parameters closer to optimum values.

[0047] The programs stored in the memory 47a ofatitnmetic system 47 include an
identification program for identifying or determmng the unknown model parameters.
The arithmetic system 47 operates according teuasons included in the identification
program, and identifies the model parameters ofsithmulation model for bringing the
estimated polishing physical quantities of the wieke closer to the measured polishing
physical quantities of the workpiece. The measpa@dhing physical quantities of the
workpiece include a measured polishing rate ofahekpiece and measured values of the
torques. The estimated polishing physical quastitof the workpiece include an
estimated polishing rate of the workpiece and estoh values of the torques.

[0048] The polishing apparatus 1 polishes at least workpiece under predetermined
polishing conditions, and the arithmetic system atgquires the measured polishing
physical quantities determined from the polishinigtiee workpiece and stores the
measured polishing physical quantities in the mgmM@a. The predetermined polishing

conditions may be, for example, actual polishingditons for the workpiece or may be
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preset polishing conditions for test polishing. eTgolishing conditions may be changed
dynamically during polishing. In this case, impedvidentification accuracy may be
achieved and an advanced basis function may be ugdwe measured polishing physical
quantities include the measured polishing ratédefvworkpiece, and the measured values
of the torques of the polishing head 7, the patiglpad 2 (or the polishing table 5), and
the dresser 50 when the workpiece is being polish@the measured values of the
torqgues may be values that directly indicate thigues, such as measurements of torque
meters (not shown), or may be values that indiydatlicate the torques, such as values
of torque currents supplied to the polishing-heathtmg motor 20, the table rotating
motor 21, and the dresser rotating motor 60, or beatorque estimated values calculated
from these torque currents. In one example,teasured values of the torques may be
values that indirectly estimate the polishing t@sjwn a model basis from a mechanical
model of the mechanical structure and in-procegsrmation of the motor currents and
acceleration/deceleration physical quantities. palkshing-head rotating motor 20, the
table rotating motor 21, and the dresser rotatiogpm60 are controlled so as to rotate the
polishing head 7, the polishing table 5, and thessker 50 at predetermined constant
speeds, respectively. Therefore, as the slidisgtances acting on the polishing head 7,
the polishing pad 2, and the dresser 50 increasdptque currents also increase.
[0049] FIG. 3 is a flowchart illustrating a methodl identifying the unknown model
parameters of the simulation model.

In step 1, the polishing apparatus 1 shown in FlGpolishes at least one
workpiece under the predetermined polishing cooadsi

In step 2, the arithmetic system 47 determinesniasured polishing physical
guantities from the measurement data obtained thenactual polishing of the workpiece.
More specifically, the arithmetic system 47 caltetathe measured polishing rate of the
workpiece, and obtains the measured values of éneus torques generated while the
workpiece is being polished. The measured polghatte can be calculated by dividing

a difference between an initial film thickness loé tvorkpiece and a film thickness of the
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polished workpiece by a polishing time. The meeduwalues of the various torques
may be the torque currents supplied to the polghiead rotating motor 20, the table
rotating motor 21, and the dresser rotating mofor 6rhese measured polishing physical
quantities are stored in the memory 47a.

[0050] In step 3, the arithmetic system 47 inpuisial values of the unknown model
parameters stored in the memory 47a to the sinoulatiodel.

In step 4, the arithmetic system 47 inputs theisholg conditions for the
workpiece into the simulation model, and determitmesmodel parameters that bring the
estimated polishing physical quantities of the vieke closer to the measured polishing
physical quantities obtained in the step 2. Thep st is a process of identifying or
determining the unknown model parameters capabl&inging the estimated polishing
physical quantities closer to the measured polgspimysical quantities.

In step 5, the arithmetic system 47 replaces tineent model parameters of the
simulation model with the model parameters deteechim the step 4 to update the
simulation model.

In step 6, the arithmetic system 47 inputs thaspolg conditions used in the
step 4 into the updated simulation model, and datthe estimated polishing physical
quantities from the simulation model to updateg¢bgmated polishing physical quantities.
[0051] In step 7, the arithmetic system 47 calada difference between the updated
estimated polishing physical quantities and theresponding measured polishing
physical quantities.

In step 8, the arithmetic system 47 evaluatesabowe difference. The steps 5
to 8 are a process of evaluating the determinedeinparameters. If the difference is
greater than or equal to a predetermined thresradice, the arithmetic system 47 repeats
the steps 4 to 8. When the above difference idlemian the threshold value, the
arithmetic system 47 terminates the determiningaimns for the model parameters. In
one embodiment, the arithmetic system 47 countsitineber of repetitions from the step

4 to the step 8 and if the number of repetitionsggal to or greater than a predetermined
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value (or a calculation time for repeating the stdpto 8 is greater than or equal to a
predetermined value), and/or if the above diffeeeiscless than the threshold value, the
arithmetic system 47 terminates the determiningatjmans for the model parameters.
[0052] The arithmetic system 47 determines the r@adeameters for bringing the
estimated polishing physical quantities closer @ tmeasured polishing physical
quantities according to algorithms (e.g., leastasgunethod, steepest descent method,
simplex method) included in the identification prawgy stored in the memory 47a. The
simulation model having the model parameters finaletermined according to the
flowchart shown in FIG. 3 is stored in the memora4
[0053] Next, the simulation model will be describedAs described above, the
simulation model includes the polishing-rate mddelcalculating an estimated polishing
rate of the workpiece W and the polishing-torquedeidor calculating an estimated
value of torque generated due to the sliding rescs of the polishing pad 2.
[0054] The polishing-rate model is expressed, faanaple, based on Preston's law as
follows.

Polishing rate MMR = kp V| =p Y p |V| (1)

where | is Preston's coefficient, p is pressure of thekpi@ce W applied to the
polishing pad 2, V is relative velocity between therkpiece W and the polishing pad 2,
B is proportionality constant (or torque constaat)d "y is coefficient of friction of the
workpiece W.
[0055] The above equation (1) is set on the assomptat the Preston coefficien§ is
proportional to the coefficient of frictiop of the workpiece W. In other words, it is
assumed that the polishing rate MMR of the work@i@¢ correlates with the coefficient
of friction "1 of the workpiece W.
[0056] In the above equation (1), the proportidyationstany3 and the coefficient of
friction W are unknown model parameters, while the pressamdpthe relative velocity
V are known model parameters given by the polisluogditions. Therefore, once the

proportionality constarft and the coefficient of frictiop are determined, the estimated
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value of the polishing rate, i.e., the estimatetishog rate, can be determined from the
above equation (1).

[0057] Next, the polishing-torque model will be deksed. The polishing-torque
model is a physical model for calculating an estedavalue of mechanical torque
required for the polishing apparatus during pohghiof the workpiece W. During
polishing of the workpiece W, sliding resistances @n the polishing surface 2a of the
polishing pad 2. One of the sliding resistances $iding resistance generated between
the polishing head 7 (including the workpiece WQl &ime polishing pad 2, and the other is
a sliding resistance generated between the drés@eland the polishing pad 2.
Depending on these sliding resistances, the tongepsred to rotate the polishing head 1,
the polishing pad 2, and the dresser 50 at thepagtive set speeds change.

[0058] The polishing-torque model includes at leashead rotation torque model
configured to calculate an estimated value of &shlg-head rotation torque for rotating
the polishing head 7 and the workpiece W on théspiolg pad 2 about the axis of the
polishing head 7 (this axis corresponds to an akihe polishing-head shaft 18), and a
pad rotation torque model configured to calculateeatimated value of a polishing-pad
rotation torque for rotating the polishing pad duaibits axis (which corresponds to an
axis of the table shaft 5a).

[0059] During polishing of the workpiece W, the pirece W and the retainer ring 72
are pressed against the polishing pad 2 while thistpng head 7 and the workpiece W
are rotating. The head rotation torque model ighgsical model for calculating an
estimated value of the torque required for rotathng polishing head 7 about its axis at a
predetermined speed against both the friction batwihe retainer ring 72 and the
polishing pad 2 and the friction between the waekpiW and the polishing pad 2.

[0060] In this embodiment, dressing of the polighsurface 2a of the polishing pad 2 is
performed during polishing of the workpiece W. Tféfere, during polishing of the
workpiece W, the retainer ring 72 of the polishimgad 7, the workpiece W, and the

dresser 50 are in contact with the polishing pad&s a result, the polishing-pad rotation
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torque depends on the frictions of the retaineg 8, the workpiece W, and the dresser
50 with respect to the polishing pad 2. The pawtian torque model is a physical
model for calculating an estimated value of theterrequired to rotate the polishing pad
2 (i.e., the polishing table 5) at a predetermispded against the friction between the
retainer ring 72 and the polishing pad 2, the isitctbetween the workpiece W and the
polishing pad 2, and the friction between the dre59 and the polishing pad 2.
[0061] FIG. 4 is a schematic diagram showing véjoeectors on the polishing head 7,
the workpiece W, and the dresser 50 on the polishad 2. Symbols shown in FIG. 4
are defined as follows.

Velocity vector in the rotating direction of thelghing pad 2 at a point A1 on
the workpiece W or retainer ring 72py

Position vector from a center C1 of the polishiegl 2 to the point Alpg

Position vector from a center C2 of the polishivegd 7 to the point Aljr

Velocity vector in the rotating direction of thelighing head 7 at the point Al:

Ve

Velocity vector in the oscillating direction ofdlpolishing head 7 at the point
Al: Vo

Composite velocity vector of the polishing headt#he point Al: W = Vi +
Vo

Oscillation axis of the polishing head 7: OH (esponds to the axis of the
support shaft 14)

Position vector from the oscillation axis OH oétpolishing head 7 to the point
Al: o
[0062] Velocity vector in therotating direction of the polishing pad 2 at a pah2 on
the dresser 50: pb

Position vector from the center C1 of the polighpad 2 to the point A2pp

Position vector from a center C3 of the dresseilo30e point A2:

Velocity vector in the rotating direction of theedser 50 at the point A2,pV
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Velocity vector in the oscillating direction ofaldresser 50 at the point A2p)/

Composite velocity vector of the dresser 50 afpihiat A2: Vb = Vpr + Vpo

Oscillation axis of the dresser 50: OD (correspotal the axis of the support
shaft 58)

Position vector from the oscillation axis OD oéttiresser 50 to the point A,r
[0063] Relative velocity vector of the polishingdae7 with respect to the polishing pad
2 at the point ALl: ¥y.u= Vu-Ven

Unit vector of the relative velocity vectorN.y: UVpu-n = Veu-u/ |Veu-H|

Relative velocity vector of the polishing pad Ziwiespect to the polishing head
7 at the point A1: M.py = Vpr-VH

Unit vector of the relative velocity vector¥y: UVh-pr = Vi-pu !/ |Vi-pH|

Relative velocity vector of the dresser 50 witbpect to the polishing pad 2 at
the point A2: \bp.p = Vb-Vpp

Relative velocity vector M.p unit vector: uNp.p = Vep-o/ |Vep-pl

Relative velocity vector of the polishing pad Zwrespect to the dresser 50 at
the point A2: \b.pp = Vpp-Vp

Unit vector of the relative velocity vectob¥p: UVp-pp = Vo-pp/ |Vb-po|
[0064] Next, the pad rotation torque model willdescribed with reference to FIG. 5.

A sliding resistance gy (representing a vector) acting between a minwa ar
dsy of the workpiece W and the polishing pad 2 is aeieed as follows.

Sliding resistance ¢y =" Wp dsy UVprn (2)

where"u is coefficient of friction of the workpiece W'p is pressure of the
workpiece W applied to the polishing pad 2yds the minute area of the workpiece W,
and u\by.y is the unit vector of the relative velocity vectarthe polishing head 7 with
respect to the polishing pad 2.
[0065] A sliding resistance @k (representing a vector) acting between a minuta ar
ds: of the retainer ring 72 and the polishing pad @atermined as follows.

Sliding resistance ¢k = "u "p ds UVph.+ (3)
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whereRy is coefficient of friction of the retainer ring 72p is pressure of the
retainer ring 72 applied to the polishing pad % idsthe minute area of the retainer ring
72, and u¥u.y is the unit vector of the relative velocity vectfrthe polishing head 7
with respect to the polishing pad 2.
[0066] A sliding resistance @F (representing a vector) acting between a minuta ar
ds of the dresser 50 and the polishing pad 2 is detexd as follows.

Sliding resistance @& = °u °p ds, uVpep.p (4)

wherePy is coefficient of friction of the dresser 5 is pressure of the dresser
50 applied to the polishing pad 2,pds the minute area of the dresser 50, angpuyMs
the unit vector of the relative velocity vector tife dresser 50 with respect to the
polishing pad 2.
[0067] Minute torques acting on the center C1 &f plolishing pad 2 due to the sliding
resistances in the minute areg,dd the workpiece W, the minute area @é the retainer

ring 72, and the minute areaxd the dresser 50 are as follows.

Minute torques dMy = rpy X dFpw (5)
dNog = 1py X dFpr (6)
dNop = Iep X dFpp (7)

where the symbol x represents the cross produbteofectors.
[0068] When the position of the minute areg @ the workpiece W, the position of the
minute area gsof the retainer ring 72, and the position of thimute area ds of the
dresser 50 are expressed in polar coordinate$j)rithe pad rotation torque model for
calculating the estimated value of the polishing-pztation torque is given as follows.
Polishing-pad rotation torqui&l = ZiZjdNpw + ZiZjdNpr + ZiZjdNpp (8)
[0069] In a case where the dressing of the polgkimface 2a of the polishing pad 2 is
not performed during the polishing of the workpi&éethe term oiZ;dNpp in the above
formula (8) is 0.
[0070] Next, the head rotation torque model forcakdting an estimated value of the

polishing-head rotation torque will be described.
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The relative velocity vector of the polishing padvith respect to the polishing
head 7 is V.pn = VeV, and the unit vector of the relative velocity \o#cVy.py is UV4-
PH = VipH/ [VH-PH.

Assuming that the workpiece W rotates at the saotation speed [mifj as the
polishing head 7, the sliding resistances actinghenminute area ¢sof the workpiece
W and the minute areaglsf the retainer ring 72 are expressed as follows.

Sliding resistances @ = Yu Vp dsy UVi.ph (9)

dRir = Fu Rp dk UVipH (10)
[0071] Minute torques acting on the center C2 efpolishing head 7 due to the sliding
resistances in the minute areayd¥ the workpiece W and the minute areg d$ the
retainer ring 72 are as follows.

Minute torques dNw = iy X dRyw (11)

dNyr = fr X dRaR (12)

where f; is position vector from the center C2 of the guhg head 7 to the
minute area dg of the workpiece W, and is also position vectonirthe center C2 of the
polishing head 7 to the minute area déthe retainer ring 72.

[0072] When the position of the minute areg @$ the workpiece W and the position of
the minute area gd<f the retainer ring 72 are expressed in polardioates (ri,0j), the
head rotation torque model for calculating an estéd value of the polishing-head
rotation torque is given as follows.

Polishing-head rotation torgtieN = Zi%;dNmw + ZiXdNwr (13)

[0073] In the present embodiment, dressing of Wilesiping surface 2a of the polishing

pad 2 is performed during polishing of the workpia/. Therefore, as shown in the
above equation (8), the pad rotation torque mausgldes the torque due to the sliding
resistance of the dresser 50. In addition to #dhrotation torque model and the pad
rotation torque model, the polishing-torque modaitifer includes a dresser rotation
torque model configured to calculate an estimatddevof the dresser rotation torque for

rotating the dresser 50 on the polishing pad 2 tbwel axis of the dresser 50. The
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dresser rotation torque model is a physical moaletélculating an estimated value of the
torque required to rotate the dresser 50 at a fedmed speed against the friction
between the dresser 50 and the polishing pad 2.
[0074] The dresser rotation torque model for catnf an estimated value of the
dresser rotation torque is given in the same maaséhe head rotation torque model as
follows.

Sliding resistance @f=°u °p d$ uVp.pp (14)

Minute torque di = ro; x dFp (15)

Dresser rotation torqugN = %i%dNp (16)

wherePy is coefficient of friction of the dresser 5 is pressure of the dresser
50 applied to the polishing pad 2, it is the unit vector of the relative velocity vector
of the polishing pad 2 with respect to the dre&ferand &, is the position vector from
the center C3 of the dresser 50 to the minutedsgaf the dresser 50.
[0075] During dressing of the polishing pad 2, tliesser 50 oscillates on the polishing
pad 2 in the radial direction of the polishing gad The polishing-torque model further
includes a dresser oscillation torque model focudating an estimated value of a dresser
oscillation torque around the oscillation axis ODtbe dresser 50 required for the
oscillation of the dresser 50.

The dresser oscillation torque model is expregsettie following equation (18).

Minute torque diyp = po X dlp ...  (17)

Dresser oscillation torqu&N = ZiZidNop (18)

where p, is position vector from the oscillation axis ODtbe dresser 50 (see
FIG. 4) to the minute areagisf the dresser 50.
[0076] In the present embodiment, the polishingdhéascillates on the polishing pad 2
during polishing of the workpiece W. The polishitogque model further includes a
head oscillation torque model for calculating atinested value of a polishing-head
oscillation torque around the oscillation axis OHtee polishing head 7 required for the

oscillation of the polishing head 7.
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The head oscillation torque model is expressethéyollowing equation (21).
Minute torques dNow = o X dFRyw (29)
dNior = Mo % dR4Rr (20)

Polishing-head oscillation torglfgN = 2i%idNHow + ZiZjdNHor (22)

where [, is position vector from the oscillation axis OHe¢sFIG. 4) of the
polishing head 7 to the minute areq, @$ the workpiece W, and is also position vector
from the oscillation axis OH to the minute area dithe retainer ring 72.
[0077] In the present embodiment, the polishingitier model includes the above
equations (8), (13), (16), (18), and (21). In aecavhere the dressing of the polishing
pad 2 is not performed during polishing of the woeke W, the polishing-torque model
does not include the dresser rotation torque mogfakesented by the equation (16) and
the dresser oscillation torque model representethéyequation (18). In a case where
the oscillation of the polishing head 7 is not perfed during the polishing of the
workpiece W, the polishing-torque model does naiude the head oscillation torque
model represented by the above equation (21).
[0078] The coefficients of frictiod'n, *u, and®p included in the above equations (1),
(8), (13), (16), (18), and (21) constituting thenslation model are unknown model
parameters. These unknown model parameters ardifige or determined by the
identification process described later.
[0079] The coefficient of friction¥n of the workpiece W can vary depending on a
distribution of the abrasive grains contained ia $hurry supplied onto the polishing pad
2. FIG. 6 is a schematic diagram showing the iBigtion of the coefficient of friction
Wi of the workpiece W. The distribution of the co#nt of friction Wp of the
workpiece W can be determined by calculation. 8igatly, a basis function
representing the coefficient of friction of the Wpiece W is defined, and the torque and
the polishing rate are simultaneously identifiedd atalculated. As a result, the
distribution of the coefficient of frictiop of the workpiece W can be obtained as shown

in FIG. 6.
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[0080] Assuming that a polishing efficiency repmsel by the number of working
abrasive grains on the workpiece W is proportidaghe coefficient of friction'u of the
workpiece W, the distribution of the coefficientfoittion V. of the workpiece W can be
replaced with the distribution of the working albivasgrains. The working abrasive
grains are abrasive grains contained in the sltingt come into contact with the
workpiece W and move relative to the workpiece kstcontributing to the removal of
the material of the workpiece W. As shown in FBGthe coefficient of friction'p is
large at the peripheral portion of the workpieceakdl small at the central portion of the
workpiece W. This is because during the polishafigthe workpiece W, the slurry
containing the abrasive grains is supplied ontoptbleshing pad 2 from the slurry supply
nozzle 8 (see FIG. 1) and flows under the surfaxdae polished, of the workpiece W
from the peripheral portion of the workpiece W. rther, as shown in FIG. 6, a center
01 of the distribution of the coefficient of frioti Wy is slightly deviated from the center
of the workpiece W. This is associated with thet that the slurry supply nozzle 8 is
located upstream of the polishing head 7 in thatiart direction of the polishing pad 2,
as can be seen from FIG. 1.
[0081] FIG. 7 is a diagram illustrating a positioha minute region on the workpiece W.
In FIG. 7,%.a(r, 6) represents a position vector from the center {3B@workpiece W to
the minute region”,a, represents a position vector of the center Ohefdistribution of
the coefficient of friction”n, and"V,b; represents a distance from the center O1 of the
distribution of the coefficient of frictiotYu to the minute region.

The distribution of the coefficient of frictiofiu of the workpiece W is given by
the following equation.
[Math. 1]

Yu(r,0) = Z?Zoﬂoj“r’bij = Zfioﬂojwai(?‘, ) — Waol! - (22)

where 1I=r=Nr, 1=0=Ny, 1=i=NgNr, O=j=Nj. Nr represents the number of
divisional elements in the radial direction,y Mepresents the number of divisional

elements in the circumferential directiongNY represents the total number of surface
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elements (elements), j represents a numerical \@la® exponent of a polynomial, and
Nj represents a maximum exponent of the polynomiéd. FIG. 7 and the equation (22), r
and 6 are not physical quantities representing radiud angle, but are integers for
specifying the number (or position) of each of ti@sional elements distributed in the
radial and circumferential directions shown in FB5. The symboji0 is the coefficient
of friction at the center of the workpiece W.

[0082] The above equation (22) is a physical meodptesenting the distribution of the
coefficient of friction “u of the workpiece W. In the present embodimene th
simulation model further includes the physical maderesented by the equation (22), in
addition to the physical models represented byatheve equations (1), (8), (13), (16),
(18), and (21). The symbolsO and V& in the equation (22) are unknown model
parameters.

[0083] Next, an influence of deterioration of theliphing pad 2 with time on the
coefficient of friction will be described. FIG. 8 a graph showing a relationship
between the torque of the polishing pad 2 and tlishpng time.  While the workpiece
W is actually polished, the torque required to tetde polishing pad 2 at a constant
speed gradually decreases as shown by a dottenh IFI&. 8. Possible causes include a
change in a surface roughness of the polishing2padchange in a viscoelasticity of the
polishing pad 2, and a change in a thickness optiishing pad 2.

[0084] In contrast, the torque of the polishing [Zadalculated by the physical model
represented by the above equation (8) is constagdrdless of the polishing time as
shown by an alternate long and short dash linel@& B. Thus, in order to reflect the
actual torque change of the polishing pad 2 insthulation model, the simulation model
further includes a mathematical model expressirag the polishing pad 2 deteriorates
with a passage of a polishing time. In this embudit, the deterioration of the
polishing pad 2 is expressed as a decrease inodféatent of friction of the workpiece
W.

[0085] The mathematical model representing the ez in the coefficient of friction
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of the workpiece W, i.e., the deterioration of gadishing pad 2, is as follows.

Coefficient of friction of the workpiec&u ="y f, (1)

="l [(ao-ar)exp[-(t-6)/Tl+as]  (23)

In equation (23), t is polishing time, i polishing start point in time, and T is
time constant.
[0086] The mathematical model described above dedua fitting function f{t) for
reducing the coefficient of friction of the workpee W with the polishing time. This
fitting function f,(t) is an exponential function having the polishinge t as a variable.
FIG. 9 is a graph showing the fitting functigiitf. Horizontal axis of FIG. 9 represents
the polishing time t, and vertical axis represe¢hésvalue of the fitting function,() that
changes according to the polishing time t. Indggaation 18y, a4, to, T are unknown
model parameters.
[0087] As discussed above, the simulation modethef present embodiment includes
the physical models for calculating the estimatetishing rate of the workpiece W and
the estimated torques of the polishing apparatusnt] further includes the single
mathematical model representing a decrease inogificient of friction of the workpiece
W. As shown by a solid line in FIG. 8, the simidatmodel can calculate an estimated
torgue that changes in the same manner as thd smtyze.
[0088] Next, a method of identifying (or determig)nthe above-mentioned unknown
model parameterdy, u, 10, Wia, B, to, a1, to, and T will be described. The arithmetic
system 47 is configured to identify or determine ttmknown model parameters of the
simulation model by using the measured polishingsmal quantities, obtained by actual
polishing, as identification parameters. The anighic system 47 operates according to
the instructions included in the identification gram stored in the memory 47a, and uses
algorithms (e.g., least square method, steepestedemethod, simplex method, etc.) to
determine the model parameters that bring the astitnpolishing physical quantities
closer to the measured polishing physical quastitie

[0089] As described below, in the present embodimtre arithmetic system 47 is

29



10

15

20

25

configured to determine the model parametes-y, Pu using the least square method,
and determine the model paramet&as, B, oo, 01, to, T using the simplex method. It is
noted, however, that the present invention is moitéd to the present embodiment, and
the unknown model parameters may be determined) @sinther algorithm, such as the
steepest descent method. Alternatively, the unknawnodel parameters may be
determined using only the least square method.

[0090] In one embodiment, an integrated calculatoadel using the least square
method is as follows. In the following equatiorpper left letter P represents the
polishing pad 2, upper left letter H represents pibéshing head 7, upper left letter D
represents the dresser 50, lower left letter resgmts the rotation, and lower left letter o

represents the oscillation.

[Math. 2]
PN PWc PRc PRC
HN we  Rc Pv(; 40
D
N | = u? RO 7C R” e (24)
Hy " BCc 0 b,
DN 0 0 Zc
MRRI LE 0 0

[0091] On the left side of the above equation (24 measured polishing physical
quantities obtained from the actual polishing of thorkpiece are input. The unknown
model parameters are determined using the leaatsquethod as follows. Specifically,
the equation (24) is expanded, a term of a pararXete be identified is extracted, and an
equation Y = AX is created. Further, the param&tes identified by the least square
method from an equation X = X using a pseudo-inverse matrix Af a matrix A. By
repeating these operations, all unknown parametarde identified.

[0092] The left side of the equation (24) is measwent data Yexp obtained from the
actual polishing, and the right side is estimatathdr'sim obtained from the simulation
model. The right side Ysim is a product AX of tlmatrix A on the left side, which can
be calculated only by the inputted polishing cands, and the vector X of the unknown

parameters related to the friction on the rightesidThe arithmetic system 47 can
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determine the unknown parameters X 2¥8xp using the least square method and using
the pseudo-inverse matrix Af the known matrix A.
[0093] In the coefficient matrix on the right sidd the above equation (24), the

following equation is substituted.

5 [Math. 3]
PWij = Ziv_ll Wp stl BlkAU - (25)
P?‘Ck = del Rp Rng TBBk - (26)
PRCi = T2y "pi "dse"7Box - (27)
1 - Im,rf.rl—- Wrr()l] Wrrl Wrole-
A= [Al]] =1 Vlv:ri - “-;TOIJ |WT,; TT'OINJ' (2 8)
i
1 | TTN; “,{T'Ol | rrN rTOl j-
= 7., X 2k
Blk_rlkxlvlkl (2 9)

[0094] In one embodiment, an error function modsing the simplex method is as

follows.
[Math. 4]
Ppjexp __ Ppsim T
15N el Wy
_N| 17w = TN (g
Error(Way, B, @, @y, £, T) = kZl [TENE*? — TR Sim]| Ws - (30)
Wy

|MRR;*® — MRR™||
10

In the above equation (30), numerical values sithscript exp represent the
measured values of the torques and the polishiteg radNumerical values with subscript
sim are estimated values obtained from the sinorathodel. Symbols ww,, ws, Wy
represent weights for estimation errors of the@espe physical quantities.

15 [0095] The arithmetic system 47 operates accordinghe identification program to

identify the above-described unknown model parareeteThe arithmetic system 47
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replaces the current model parameters of the stroolenodel with the determined model
parameters. The arithmetic system 47 inputs thiehpog conditions for the workpiece
into the simulation model containing the determinsatiel parameters, and calculates the
estimated polishing physical quantities.

[0096] Further, the arithmetic system 47 calculaedifference between the measured
polishing physical quantities that have been inpttt the equation (24) and the estimated
polishing physical quantities, and determines wéetbr not this difference is smaller
than a predetermined threshold value. |If the difiee is greater than or equal to the
threshold value, the arithmetic system 47 perfothes above-discussed identification
again using measured polishing physical quantibésanother workpiece. If the
difference is less than the threshold value, tlitbraetic system 47 calculates estimated
polishing physical quantities of another workpieséng the simulation model containing
the determined model parameters. Specifically, #mghmetic system 47 inputs
polishing conditions for a workpiece (e.g., a wafarhich has not been polished yet, into
the simulation model, and can accurately calcudateestimated polishing rate of that
workpiece using the simulation model.

[0097] The arithmetic system 47 transmits the esttaah polishing rate to the operation
controller 80 shown in FIG. 1. The operation colr 80 can estimate a polishing end
point of the workpiece being polished based orestanated polishing rate. Further, the
operation controller 80 may create a distributidnestimated polishing rates of the
workpiece during polishing of the workpiece, andynsantrol polishing pressures on the
workpiece being polished (i.e., pressures applieinfthe polishing head 7 to the
workpiece) based on the distribution of the estadatolishing rates.

[0098] The previous description of embodimentsrisvigled to enable a person skilled
in the art to make and use the present inventidhoreover, various modifications to
these embodiments will be readily apparent to treisked in the art, and the generic
principles and specific examples defined herein inayapplied to other embodiments.

Therefore, the present invention is not intendedbéo limited to the embodiments
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described herein but is to be accorded the widaspes as defined by limitation of the
claims.

Industrial Applicability

[0099] The present invention relates to a cheminakchanical polishing system for
polishing a surface of a workpieces, such as waidostrate, or panel, and particularly
relates to a cyber-physical system that optimizesinaulation model for chemical

mechanical polishing based on actual measuremetd di chemical mechanical

polishing.

Reference Signs List

[0100] 1 polishing apparatus
2 polishing pad
5 polishing table

5a table shaft

7 polishing head

8 slurry supply nozzle

14 support shaft

16 polishing-head oscillation arm

18 polishing-head shaft

20 polishing-head rotating motor
21 table rotating motor

22 polishing-head oscillation motor
24 elevating mechanism

25 rotary joint

26 bearing

28 bridge

29 support base
30 column

32 ball-screw mechanism
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32a
32b
38
47
47a
47b
50
50a
51
53
55
56
57
58
60
63
71
72
74
76
77
80
W

G1,G2,G3,G4,G5

screw shaft

nut

servomotor

arithmetic system
memory

processor

dresser

dressing surface
dresser shaft

air cylinder

dresser oscillation arm
column

support base

support shaft
dresser-rotating motor
dresser-oscillation motor
carrier

retainer ring
membrane (elastic membrane)
rolling diaphragm

gas supply source
operation controller
workpiece

pressure chamber

F1,F2,F3,F4,F5 fluid passage

R1,R2,R3,R4,R5

pressure regulator
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CLAIMS
[Claim 1] A chemical mechanical polishing systenmqmising:
a polishing table configured to support a polighipad having a polishing
surface;
a polishing head configured to press a workpig@erst the polishing surface;
a slurry supply nozzle configured to supply slungo the polishing surface; and
an arithmetic system having a memory storing thege simulation model
including at least a physical model configured tpot an estimated polishing physical
quantity including an estimated polishing rate loé tworkpiece, the arithmetic system
being configured to
input polishing conditions for the workpiecedrihe simulation model,
output the estimated polishing physical quansitythe workpiece from the
simulation model; and
determine model parameters of the simulationehttht bring the estimated
polishing physical quantity closer to a measuredishmg physical quantity of the

workpiece.

[Claim 2] The chemical mechanical polishing systemwcording to claim 1,

wherein the physical model includes a polishing-natodel configured to calculate the
estimated polishing rate of the workpiece, and bspimg-torque model configured to
calculate an estimated value of torque generatesl tdua sliding resistance of the

polishing pad.

[Claim 3] The chemical mechanical polishing syst@mwcording to claim 2,

wherein the polishing-torque model includes a hesadtion torque model configured to
calculate an estimated value of a polishing-hegatiom torque for rotating the polishing
head and the workpiece on the polishing pad abowxés of the polishing head, and a

pad rotation torque model configured to calculateeatimated value of a polishing-pad
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rotation torque for rotating the polishing pad at@mw axis of the polishing pad.

[Claim 4] The chemical mechanical polishing systernording to claim 3, further
comprising a dresser configured to dress the palissurface,

wherein the polishing-torque model includes a skegotation torque model
configured to calculate an estimated value of agirerotation torque for rotating the
dresser on the polishing pad about an axis of tasseér, and a dresser oscillation torque
model configured to calculate an estimated valuthefdresser oscillation torque around

an oscillation axis required for the dresser tdllaée on the polishing pad.

[Claim 5] The chemical mechanical polishing systaotording to any one of
claims 1 to 4, wherein the simulation model furthecludes a mathematical model

representing a deterioration of the polishing pétl & passage of a polishing time.

[Claim 6] The chemical mechanical polishing systaotording to any one of
claims 1 to 5, wherein the arithmetic system isfigumed to:
input the polishing conditions to the simulatioarl having the determined
model parameters to calculate an updated estinpalexhing physical quantity; and
evaluate a difference between the updated estihpikshing physical quantity

and the measured polishing physical quantity.

[Claim 7] An arithmetic system for creating a siaiidn model for chemical
mechanical polishing, comprising:

a memory storing a program and the simulation rhibeeein;

a processor configured to perform operations ategrto instructions included
in the program,

wherein the simulation model includes at leashgsyral model configured to

output an estimated polishing physical quantityuding an estimated polishing rate of a
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workpiece when chemically mechanically polishedge thrithmetic system being
configured to

input polishing conditions for the workpiece irthee simulation model;

output the estimated polishing physical quantifytlee workpiece from the
simulation model; and

determine model parameters of the simulation mdolgied bring the estimated
polishing physical quantity closer to a measuredishmg physical quantity of the

workpiece.

[Claim 8] A method of producing a simulation model chemical mechanical
polishing, comprising:
inputting polishing conditions for a workpiece anthe simulation model, the
simulation modelincluding at least a physical model configured twpot an estimated
polishing physical quantity including an estimapadishing rate of the workpiece;
outputting the estimated polishing physical qugndif the workpiece from the
simulation model;
polishing the workpiece using a polishing appasatnd
determining model parameters of the simulation ehdldat bring the estimated
polishing physical quantity closer to a measuredishmg physical quantity of the
workpiece,
wherein the polishing apparatus includes:
a polishing table configured to support a gofig pad having a polishing
surface;
a polishing head configured to press the wadgiagainst the polishing
surface; and

a slurry supply nozzle configured to supplyisiwnto the polishing surface.

[Claim 9] The method according to claim 8, wherdie physical model includes a
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polishing-rate model configured to calculate thiénested polishing rate of the workpiece,
and a polishing-torque model configured to calalan estimated value of torque

generated due to a sliding resistance of the potigbad.

[Claim 10] The method according to claim 9, whertie polishing-torque model

includes a head rotation torque model configureddlzulate an estimated value of a
polishing-head rotation torque for rotating theigitihg head and the workpiece on the
polishing pad about an axis of the polishing heaa] a pad rotation torque model
configured to calculate an estimated value of aspwig-pad rotation torque for rotating

the polishing pad about an axis of the polishing. pa

[Claim 11] The method according to claim 10, wheréie polishing apparatus
further includes a dresser configured to drespttishing surface,

wherein the polishing-torque model includes a skegotation torque model
configured to calculate an estimated value of agierotation torque for rotating the
dresser on the polishing pad about an axis of tassér, and a dresser oscillation torque
model configured to calculate an estimated valuthefdresser oscillation torque around

an oscillation axis required for the dresser tdllaée on the polishing pad.

[Claim 12] The method according to any one of cki® to 11, wherein the
simulation model further includes a mathematicadelaepresenting a deterioration of

the polishing pad with a passage of a polishingtim

[Claim 13] The method according to any one of ckaBrto 12, further comprising:
inputting the polishing conditions to the simuatimodel having the determined

model parameters to calculate an updated estinpalexhing physical quantity; and
evaluating a difference between the updated estinaoolishing physical

quantity and the measured polishing physical gtanti
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[Claim 14] A method of producing a simulation modet chemical mechanical
polishing, comprising:

inputting polishing conditions for a workpiece anthe simulation model, the
simulation model including at least a physical mommfigured to output an estimated
polishing physical quantity including an estimapadishing rate of the workpiece;

outputting the estimated polishing physical qugndif the workpiece from the
simulation model; and

determining model parameters of the simulation ehdldat bring the estimated
polishing physical quantity closer to a measuredishmg physical quantity of the

workpiece.
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