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DESCRIPTION
Title of Invention
METHOD OF CREATING RESPONSIVENESS PROFILE OF POLISB RATE OF
WORKPIECE, POLISHING METHOD, AND COMPUTER-READABLETORAGE
MEDIUM STORING PROGRAM

Technical Field

[0001] The present invention relates to a technigjugolishing a workpiece, such as a
wafer, a substrate, or a panel, for use in manuifi]agf of semiconductor devices, and
more particularly, to a technique of calculatingeaponsiveness of a polishing rate to
change in pressure for pressing the workpiece agaipolishing pad.

Background Art

[0002] Chemical mechanical polishing (hereinafefierred to as CMP) is a process of
polishing a workpiece (e.g., a wafer, a substi@atganel, etc.) by placing the workpiece in
sliding contact with a polishing pad while supplyim polishing liquid containing
abrasive grains, such as silica (9into the polishing pad. A polishing apparatws f
performing the CMP includes a polishing table thapports the polishing pad having a
polishing surface, and a polishing head for pregsite workpiece against the polishing
pad.

[0003] The polishing head is configured to press Workpiece against the polishing
pad with an elastic membrane forming a pressuranbba A compressed gas is
supplied into the pressure chamber, and the presdihe gas is applied to the workpiece
through the elastic membrane. Therefore, a foritle which the workpiece is pressed
against the polishing pad can be regulated by tbespre in the pressure chamber.
[0004] The polishing apparatus polishes the wortgias follows. While the polishing
table and the polishing pad are rotated togethgmleshing liquid (typically slurry) is
supplied onto the polishing surface of the polighpad. The polishing head presses a

surface of the workpiece against the polishingasigfof the polishing pad while rotating
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the workpiece. The workpiece is brought into sigdcontact with the polishing pad in
the presence of the polishing liquid. The surfatehe workpiece is polished by a
chemical action of the polishing liquid and mecleahiactions of the polishing pad and
abrasive grains contained in the polishing liquid.

[0005] A film thickness of the workpiece graduatlgcreases with polishing time. A
rate at which the film thickness of the workpie@uces is often represented by a
polishing rate. The polishing rate is an amoundwface material of the workpiece that
has been reduced by polishing per unit time, aedathount of reduction is represented
by a thickness. The polishing rate is also retetoeas a removal rate.

[0006] In order to optimize the CMP process, it important to determine a
responsiveness of the polishing rate of the wodeie a pressure change in the pressure
chamber of the polishing head. The responsivenietde polishing rate means a change
in the polishing rate in response to a change ih pnessure in the pressure chamber.
Determining the responsiveness of the polishing eaiables the workpiece to be polished
at a required polishing rate to achieve a targefilpr

Citation List

Patent Literature

[0007] Patent document 1: Japanese laid-open paiatication No. 2006-43873
Summary of Invention

Technical Problem

[0008] Itis known that the polishing rate basigabeys Preston’s law as follows.
polishing rate & pressing pressure X relative speed

However, the pressing pressure applied to the pweck from the elastic
membrane of the polishing head is not constantinighpressing surface of the elastic
membrane, and the pressing pressure varies dweitus factors, such as temperature, a
polishing pad, and a polishing liquid. Conventibnahe polishing-rate responsiveness
is determined by actually polishing workpieces whihcreasing or decreasing the

pressure in the pressure chamber using design periexents (DOE). However, this
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approach requires a considerable number of workpiaad a lot of operation time, which
entail increased costs.

[0009] Thus, the present invention provides a metbapable of easily obtaining a
responsiveness of polishing rate to a change isspre for pressing a workpiece, such as
a wafer, against a polishing pad. The presentitime also provides a polishing method
for the workpiece using a polishing-rate responsags profile. Furthermore, the
present invention provides a computer-readableageomedium storing a program for
causing a computer to create the polishing-rajgoresiveness profile.

Solution to Problem

[0010] In an embodimentthere is provided a method of creating a polishiig-
responsiveness profile indicating a distributiorregponsiveness of a polishing rate to a
pressure change in a pressure chamber when a woekfor use in manufacturing of
semiconductor devices is pressed against a pojfispad with an elastic membrane
forming the pressure chamber therein, the methoapasing: performing simulation to
calculate a pressing-pressure responsivenessepinflicating a distribution of pressing
pressure, which is to be applied from the workpigcehe polishing pad, changed in
response to a change in unit pressure in the peeshiamber; pressing the workpiece
against the polishing pad to polish the workpieebjle a predetermined pressure is
maintained in the pressure chamber; creating ashuolyj-rate profile indicating a
distribution of polishing rate of the polished wprice; and creating the polishing-rate
responsiveness profile based on the pressing-peesssponsiveness profile, the
predetermined pressure, and the polishing-ratel@rof

[0011] In an embodiment, creating the polishingregsponsiveness profile comprises:
multiplying the pressing-pressure responsivenesfil@roy the predetermined pressure
and a polishing-rate coefficient to create a virppaishing-rate profile; determining the
polishing-rate coefficient that minimizes a diffece between the polishing-rate profile
and the virtual polishing-rate profile; and mulyiplg the pressing-pressure

responsiveness profile by the determined polishaitg- coefficient to create the
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polishing-rate responsiveness profile.

In an embodiment, the pressure chamber comprispturality of pressure
chambers, and the polishing-rate coefficient cosgsia plurality of polishing-rate
coefficients corresponding to the plurality of pese chambers, respectively.

In an embodiment, the method further comprisesrdehing a correction factor

that eliminates the difference between the polginate profile and the virtual polishing-
rate profile, wherein multiplying the pressing-m@® responsiveness profile by the
determined polishing-rate coefficient to create plodishing-rate responsiveness profile
comprises multiplying the pressing-pressure respensss profile by the determined
polishing-rate coefficient and the determined aocirom factor to create the polishing-rate
responsiveness profile.
[0012] In an embodiment, creating the polishingregsponsiveness profile comprises:
adding a polishing-rate offset to a value deterghibg multiplying the pressing-pressure
responsiveness profile by the predetermined presasnd a polishing-rate coefficient to
create a virtual polishing-rate profile; determupithe polishing-rate coefficient and the
polishing-rate offset that minimize a differencévibeen the polishing-rate profile and the
virtual polishing-rate profile; and adding the deteed polishing-rate offset to a value
determined by multiplying the pressing-pressurpaasiveness profile by the determined
polishing-rate coefficient to create the polishiage responsiveness profile.

In an embodiment, the pressure chamber comprispturality of pressure
chambers, and the polishing-rate coefficient cosgsia plurality of polishing-rate
coefficients corresponding to the plurality of pese chambers, respectively.

In an embodiment, the method further comprisesrdehing a correction factor
that eliminates the difference between the polginate profile and the virtual polishing-
rate profile, wherein multiplying the pressing-m@® responsiveness profile by the
determined polishing-rate coefficient to create plodishing-rate responsiveness profile
comprises adding the determined polishing-rate ebffo a value determined by

multiplying the pressing-pressure responsivenestlgiby the determined polishing-rate
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coefficient and the determined correction factor tweate the polishing-rate
responsiveness profile.
[0013] In an embodiment, creating the pressinggues responsiveness profile
comprises: performing simulation to create a fipgessing-pressure responsiveness
profile indicating a distribution of the pressingepsure changed in response to a change
from a first pressure to a second pressure in thespre chamber; performing simulation
to create a second pressing-pressure responsiverodbs indicating a distribution of the
pressing pressure changed in response to a chamgedf third pressure to a fourth
pressure in the pressure chamber; and creatingpitbgsing-pressure responsiveness
profile based on the first pressing-pressure resigeness profile and the second
pressing-pressure responsiveness profile.
[0014] In an embodiment, creating the pressinggues responsiveness profile based
on the first pressing-pressure responsivenessi@rafid the second pressing-pressure
responsiveness profile comprises creating the imgegsessure responsiveness profile by
interpolation or extrapolation using the first [mieg-pressure responsiveness profile and
the second pressing-pressure responsiveness profile

In an embodiment, creating the pressing-pressesponsiveness profile based
on the first pressing-pressure responsivenessi@rafid the second pressing-pressure
responsiveness profile comprises inputting thet fpgessing-pressure responsiveness
profile and the second pressing-pressure resparesgeprofile into a model constructed
by machine learning, and outputting the pressirggguire responsiveness profile from the
model.
[0015] In an embodiment, the polishing-rate profdemprises one selected from a
plurality of polishing-rate profiles created by bing a plurality of workpieces, and the
plurality of polishing-rate profiles are obtainey: lpressing the plurality of workpieces
one by one against the polishing pad to polishpibeality of workpieces with different
pressures set in the pressure chamber for eatte @idrality of workpieces; and creating

the plurality of polishing-rate profiles indicatingjstributions of polishing rate of the
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plurality of polished workpieces.
[0016] In an embodiment, the method further congsrisoptimizing a polishing
condition for other workpiece using the polishiragerresponsiveness profile.

In an embodiment, optimizing the polishing coratitifor the other workpiece
comprises: creating a current film-thickness peofiif the other workpiece, while the
other workpiece is polished; and determining thespure in the pressure chamber for
minimizing a difference between the current filnickmess profile and a target film-
thickness profile based on the polishing-rate rasp@ness profile.

In an embodiment, optimizing the polishing coratitifor the other workpiece
comprises: creating a film-thickness profile beftite polishing of the workpiece and a
film-thickness profile after the polishing of theow«piece which has been used to create
the polishing-rate profile; and determining thegsige in the pressure chamber based on
the film-thickness profile before the polishing,etHilm-thickness profile after the
polishing, a target film-thickness profile, and fhaishing-rate responsiveness profile.
[0017] In an embodiment, there is provided a palighmethod comprising: optimizing
a polishing condition for a workpiece using theigluhg-rate responsiveness profile
created by the method according to any one of gdinto 14; and pressing the workpiece
against the polishing pad with the elastic membranpolish the workpiece under the
optimized polishing condition.

[0018] In an embodiment, there is provided a comprgadable storage medium
storing a program to cause a computer to createlishpg-rate responsiveness profile
indicating a distribution of responsiveness of dighing rate to a pressure change in a
pressure chamber when a workpiece for use in manufiag of semiconductor devices is
pressed against a polishing pad with an elastic lon@ne forming the pressure chamber
therein, the program being configured to causecthraputer to perform the steps of:
performing simulation to calculate a pressing-puessesponsiveness profile indicating a
distribution of pressing pressure, which is to lpplied from the workpiece to the

polishing pad, changed in response to a changeitrptessure in the pressure chamber;
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creating a polishing-rate profile indicating a dksition of polishing rate of the
workpiece polished by pressing the workpiece agathe polishing pad while a
predetermined pressure is maintained in the preshamber; and creating the polishing-
rate responsiveness profile based on the pressesgyre responsiveness profile, the
predetermined pressure, and the polishing-ratel@rof

Advantageous Effects of Invention

[0019] According to the present invention, the pliling-rate responsiveness profile can
be easily obtained based on the pressing-pressspensiveness profile generated by the
simulation and the polishing-rate profile obtaifgdactual polishing.

Brief Description of Drawings

[0020]

[FIG. 1] FIG. 1 is a schematic diagram showing anbediment of a polishing apparatus;
[FIG. 2] FIG. 2 is a cross-sectional view showing an embedinof a polishing head;
[FIG. 3] FIG. 3 is a flowchart illustrating an embodiment a&ating a polishing-rate
responsiveness profile;

[FIG. 4] FIG. 4 is a diagram illustrating an embodiment fating a pressing-pressure
responsiveness profile;

[FIG. 5] FIG. 5 is a graph showing an example of the prgsgmessure responsiveness
profile;

[FIG. 6] FIG. 6 is a graph showing an example of a virtudisping-rate profile for each
pressure chamber, a virtual polishing-rate prdbieall pressure chambers, and an actual
polishing-rate profile; and

[FIG. 7] FIG. 7 is a flowchart illustrating an embodimentugidating a correction factor.

Description of Embodiments
[0021] Embodiments of the present invention willnbe described with reference to
the drawings. FIG. 1 is a schematic diagram shgvan embodiment of a polishing

apparatus. The polishing apparatus is configusezhémically and mechanically polish
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a wafer W, which is an example of a workpiece fae uin manufacturing of
semiconductor devices. As shown in FIG. 1, thidishtng apparatus includes a
polishing table 5 configured to support a polishpagl 2 having a polishing surface 2a, a
polishing head 7 configured to press the wafer \direy the polishing surface 2a, a
polishing-liquid supply nozzle 8 configured to slyp@ polishing liquid (e.g., slurry
containing abrasive grains) onto the polishing axef2a, and an arithmetic system 10
configured to create a polishing-rate responsivepesfile, which will be described later.
[0022] The polishing head 7 is configured to beeabl hold the wafer W on its lower
surface. The wafer W has a film to be polishedh tHe following embodiments, a
wafer is used as an example of the workpiece, eitworkpiece is not limited to the
wafer, and may be a circular substrate, a rectangulbstrate, a panel, etc., as long as
they are for use in manufacturing of semicondudewices.

[0023] The arithmetic system 10 is composed oéasi one computer. The arithmetic
system 10 includes a memory 10a storing programscifeating the polishing-rate
responsiveness profile, which will be describecerialand an arithmetic device 10b
configured to perform arithmetic operations acaagdto instructions contained in the
programs. The memory 10a includes a main memagh as a random-access memory
(RAM), and an auxiliary memory, such as a hard diske (HDD) or a solid state drive
(SSD). Examples of the arithmetic device 10b idela CPU (central processing unit)
and a GPU (graphic processing unit). However, sbecific configuration of the
arithmetic system 10 is not limited to these exaspl

[0024] The polishing apparatus further includesupp®rt shaft 14, a polishing-head
oscillation arm 16 coupled to an upper end of tngpsrt shaft 14, and a polishing-head
shaft 18 rotatably supported by a free end of tleslping-head oscillation arm 16. The
polishing head 7 is fixed to a lower end of theigiohg-head shaft 18. A polishing-head
rotating mechanism (not shown) having an electratamand other elements is disposed
in the polishing-head oscillation arm 16. Thisigloihg-head rotating mechanism is

coupled to the polishing-head shaft 18, and is iganéd to rotate the polishing-head
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shaft 18 and the polishing head 7 in a directiahicated by an arrow.

[0025] The polishing-head shaft 18 is coupled two&shown polishing-head elevating
mechanism (including a ball screw mechanism or like). The polishing-head
elevating mechanism is configured to vertically makre polishing-head shaft 18 relative
to the polishing-head oscillation arm 16. The ieaitmovement of the polishing-head
shaft 18 allows the polishing head 7 to move valicrelative to the polishing-head
oscillation arm 16 and the polishing table 5 ascatd by an arrow.

[0026] The polishing apparatus further includesalaéd rotating motor 21 configured to
rotate the polishing pad 2 and the polishing tdblabout their own axes. The table
rotating motor 21 is disposed below the polishiagglé 5, and the polishing table 5 is
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 rotatiram21 about the table shaft 5a in a
direction indicated by an arrow. The polishing @ai attached to an upper surface of
the polishing table 5. An exposed surface of tloéisping pad 2 constitutes the
polishing surface 2a for polishing the wafer W.

[0027] Polishing of the wafer W is performed asldels. The wafer W, with its
surface to be polished facing downward, is heldth®y polishing head 7. While the
polishing head 7 and the polishing table 5 aretir@dandependently, the polishing liquid
(e.g., slurry containing abrasive grains) is suggplonto the polishing surface 2a of the
polishing pad 2 from the polishing-liquid supplyzzte 8 provided above the polishing
table 5. The polishing pad 2 rotates about itdraémxis together with the polishing
table 5. The polishing head 7 is moved to a pexdehed height by the polishing-head
elevating mechanism (not shown). Further, whike plishing head 7 is maintained at
the above predetermined height, the polishing hegulesses the wafer W against the
polishing surface 2a of the polishing pad 2. Thafew W rotates together with the
polishing head 7. The wafer W is brought intoislidcontact with the polishing surface
2a in the presence of the polishing liquid on thishing surface 2a of the polishing pad

2. The surface of the wafer W is polished by a loomation of a chemical action of the
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polishing liquid and mechanical actions of the gloing pad 2 and the abrasive grains
contained in the polishing liquid.

[0028] The polishing apparatus includes a film¥nmiess sensor 42 configured to
measure a film thickness of the wafer W on thegbatig surface 2a. The film-thickness
sensor 42 is configured to generate a polishingxndalue that directly or indirectly
indicates the film thickness of the wafer W. Sinbés polishing index value varies
according to the film thickness of the wafer W, @ishing index value indicates the
film thickness of the wafer W. The polishing indexiue may be a value representing
the film thickness of the wafer W itself, or may &dehysical quantity or a signal value
before being converted into the film thickness.

[0029] Examples of the film-thickness sensor 42lude an optical film-thickness
sensor and an eddy-current sensor. The opticattfilckness sensor is configured to
irradiate the surface of the wafer W with lightdatletermine the film thickness of the
wafer W from spectrum of reflected light from thafer W. The eddy-current sensor is
configured to induce an eddy current in a condecfilm formed on the wafer W, and
output a signal value that varies according to mpedance of an electrical circuit
including the conductive film and a coil of the getlirrent sensor. The optical film-
thickness sensor and the eddy-current sensor eisdstmay be known devices.

[0030] The film-thickness sensor 42 is disposedhi@ polishing table 5, and rotates
together with the polishing table 5. More speailiig, the film-thickness sensor 42 is
configured to measure the film thickness at a filyr@f measurement points on the
wafer W while moving across the wafer W on the gfuhg surface 2a each time the
polishing table 5 makes one rotation. In this ediment, the film-thickness sensor 42
is arranged so as to measure the film thickness plurality of measurement points
including the center of the wafer W. Therefores fiurality of measurement points are
aligned in a radial direction of the wafer W.

[0031] The film-thickness sensor 42 is coupled he tarithmetic system 10. The

measurement values of the film thickness produgethé film-thickness sensor 42 are
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monitored by the arithmetic system 10. More spealify, the measurement values of
the film thickness at the plurality of measurempaints of the wafer W are output from
the film-thickness sensor 42, are transmitted éoatithmetic system 10, and are stored in
the memory 10a. The arithmetic system 10 creafésdahickness profile of the wafer
W based on the measurement values of the film tieis&k The film-thickness profile
represents a distribution of film thicknesses altvgyradial direction of the wafer W.
[0032] Next, the polishing head 7 will be describedIG. 2 is a cross-sectional view
showing an embodiment of the polishing head 7. [dieshing head 7 includes a head
body 31 fixed to the end of the polishing-head sh&f an elastic membrane 34 attached
to a lower portion of the head body 31, and a metaring 32 arranged below the head
body 31. The retainer ring 32 is arranged aroumal eélastic membrane 34. The
retainer ring 32 is an annular structure configuieedetain the wafer W so as to prevent
the wafer W from being ejected from the polishirgath 7 during polishing of the wafer
W.

[0033] Four pressure chambers C1, C2, C3, and €4avided between the elastic
membrane 34 and the head body 31. The pressumbehs C1, C2, C3 and C4 are
formed by the elastic membrane 34 and the head Bbdy The central pressure chamber
C1 has a circular shape, and the other pressurebgra C2, C3, and C4 have an annular
shape. These pressure chambers C1, C2, C3, aark@#a concentric arrangement.
[0034] Gas delivery lines F1, F2, F3, and F4 angpted to the pressure chambers C1,
C2, C3, and C4, respectively. Ends of the gasveslilines F1, F2, F3, and F4 are
coupled to a compressed-gas supply source (notrghavhich is provided as one of
utilities in a factory in which the polishing apptus is installed. A compressed gas,
such as a compressed air, is supplied into thespreschambers C1, C2, C3, and C4
through the gas delivery lines F1, F2, F3, andrBdpectively. The compressed gas in
the pressure chambers C1, C2, C3, and C4 pressesaier W against the polishing
surface 2a of the polishing pad 2 through the ielasémbrane 34.

[0035] The gas delivery line F3, which communicatéth the pressure chamber C3, is

11
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coupled to a vacuum line (not shown), so that aiwvaccan be formed in the pressure
chamber C3. The elastic membrane 34 has an openirgportion that forms the
pressure chamber C3, so that the wafer W can loeblyehe polishing head 7 via vacuum
suction by producing a vacuum in the pressure clkear@3. Further, the wafer W can
be released from the polishing head 7 by supplilregcompressed gas into the pressure
chamber C3.

[0036] An annular elastic membrane 36 is providetiMeen the head body 31 and the
retainer ring 32. A pressure chamber C5 is formmethe elastic membrane 36. The
pressure chamber C5 communicates with the abowaided compressed-gas supply
source through a gas delivery line F5. The congaetgas is supplied into the pressure
chamber C5 through the gas delivery line F5, so tthea compressed gas in the pressure
chamber C5 presses the retainer ring 32 againgialiehing pad 2.

[0037] The gas delivery lines F1, F2, F3, F4, artd éxtend via a rotary joint 40
attached to the polishing-head shaft 18. The géiseadly lines F1, F2, F3, F4, and F5,
communicating with the pressure chambers C1, C2,G23 and C5, respectively, are
provided with pressure regulators R1, R2, R3, RAd &5, respectively. The
compressed gas from the compressed-gas supplyessusapplied through the pressure
regulators R1 to R5 into the pressure chambero@bf respectively and independently.
The pressure regulators R1 to R5 are configuredetjulate the pressures of the
compressed gases in the pressure chambers C1 to C5.

[0038] The pressure regulators R1 to R5 can indigetty change the pressures in the
pressure chambers C1 to @ thereby independently adjuptessing pressures on
corresponding four areas of the wafer W, i.e., atra¢ portion, an inner intermediate
portion, an outer intermediate portion, and an qugéon, and a pressing pressure of the
retainer ring 32 against the polishing pad 2. ghse delivery lines F1, F2, F3, F4, and
F5 are coupled to vent valves (not shown), respelgti so that the pressure chambers C1
to C5 can be vented to the atmosphere. In thisodintent, the elastic membrane 34

forms the four pressure chambers C1 to C4, whileoie embodiment, the elastic
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membrane 34 may form less than four pressure chandyemore than four pressure
chambers. Only a single pressure chamber maydwéded.

[0039] The pressure regulators R1 to R5 are coujgléde arithmetic system 10. The
arithmetic system 10 receives the measurement wltne film thickness of the wafer W
from the film-thickness sensor 42 (see FIG. 1)eduines target pressure values of the
pressure chambers C1 to C5 based on the measureaieatof the film thickness for
achieving a target film-thickness profile, and sunits the target pressure values to the
pressure regulators R1 to R5, respectively. Tlesgure regulators R1 to R5 operate so
as to maintain the pressures in the pressure chraritieto C5 at the corresponding target
pressure values.

[0040] The polishing head 7 can apply independesggures to the plurality of areas of
the wafer W, respectively. For example, the palighhead 7 can press the different
areas of the surface of the wafer W at differeespures against the polishing surface 2a
of the polishing pad 2. Therefore, the polishireadh 7 can control the film-thickness
profile of the wafer W so as to achieve the taftyet-thickness profile.

[0041] In order to optimize the polishing proceds,is important to determine a
responsiveness of a polishing rate of the wafer dMhie pressures in the pressure
chambers C1 to C4. The polishing rate is an amotiatirface material of the wafer W
that been reduced by polishing per unit time, d&lamount of reduction is represented
by a thickness. The polishing rate is also reterte as a removal rate. The
responsiveness of the polishing rate represenkmiage in the polishing rate in response
to a change in unit pressure in the pressure chambe

[0042] In the embodiments described below, thehar@tic system 10 creates a
polishing-rate responsiveness profile indicatindgjsdribution of the responsiveness of the
polishing rate to pressure changes in the presshambers C1 to C4 when the elastic
membrane 34 of the polishing head 7 presses ther Wafagainst the polishing pad 2.
[0043] FIG. 3 is a flowchart illustrating an embidint of creating the polishing-rate

responsiveness profile.
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In step 1, the arithmetic system 10 performs satnah to calculate a pressing-
pressure responsiveness profile indicating distioins of the pressing pressures, which
are to be applied from the wafer W to the polisipag 2, changed in response to changes
in unit pressure in the pressure chambers C1 to The simulation is performed using
mathematical models of the elastic membrane 3shefpblishing head 7, the polishing
pad 2, and the wafer. Thus, a shape and an dhagiicthe elastic membrane 34, an
elasticity of the polishing pad 2, and a rigidity the wafer W are reflected in the
simulation result. The simulation is not limites l@ng as it can calculate an intended
pressing-pressure responsiveness profile, whiteimnembodiment, a simulation is based
on the finite element method. The simulation iis #mbodiment is performed under a
condition that the wafer W and the polishing padr@ not rotated, while the simulation
may be performed under a condition that the wafear\¥ the polishing pad 2 are rotated
as in the actual polishing.

[0044] In step 2, the polishing apparatus showRl@. 1 presses the wafer W against
the polishing pad 2 by the polishing head 7 togtothe wafer W while the pressures in
the pressure chambers C1 to C4 of the polishing fieare maintained at predetermined
pressures. The polishing of the wafer W is perfmas described above, by pressing
the surface (surface to be polished) of the wafeagainst the polishing surface 2a by the
polishing head 7 in the presence of the polishiggid on the polishing surface of the
polishing pad 2, while the polishing table 5 and golishing pad 2 are rotated and the
wafer W is rotated by the polishing head 7.

[0045] During polishing of the wafer W, the filmithness sensor 42 measures the film
thickness at the plurality of measurement pointshenwafer W while the film-thickness
sensor 42 moves across the wafer W. In this emfad, the plurality of measurement
points are aligned along the radial direction & wWafer W. The measurement values of
the film thickness are transmitted from the filmekness sensor 42 to the arithmetic
system 10. The polishing of the wafer W terminatdgen the film thickness of the

wafer W reaches a target value. The film-thickreesssor 42 continuously measures the
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film thickness of the wafer W from the start to #wd of polishing of the wafer W, and
transmits the measurement values of the film theskrto the arithmetic system 10.

[0046] In step 3, the arithmetic system 10 creatgmlishing-rate profile indicating a
distribution of the polishing rate of the polishe@fer W. This polishing-rate profile
represents a polishing rate at each radial posttiothe wafer W.

[0047] In step 4, the arithmetic system 10 creatpslishing-rate responsiveness profile
based on the pressing-pressure responsivenesdepeafculated in the step 1, the
predetermined pressures in the pressure chambets C# set in the step 2, and the
polishing-rate profile calculated in the step 3.heTpolishing-rate responsiveness profile
is a distribution of responsiveness of the polighiate to pressure changes in the pressure
chambers C1 to C4 at a plurality of radial possigne., at the plurality of film-thickness
measurement points) on the wafer W. The arithnstitem 10 can correctly determine
the pressures in the pressure chambers C1 to Cdchoeving the target film-thickness
profile based on the polishing-rate responsivepesfle.

[0048] Each of the steps will be described in détaiow.

FIG. 4 is a diagram illustrating an embodimentcafculating the pressing-
pressure responsiveness profile in the step 1 shovAlG. 3.  Vertical axis in FIG. 4
represents pressure applied from the wafer W tgthishing surface 2a of the polishing
pad 2 (hereinafter, referred to as pressing pregsand horizontal axis represents radial
position on the wafer W. The horizontal axis it6F¥ showing a case where the radius
of the wafer W is 150 mm, but the radius of theewa#/ is not limited to the example of
FIG. 4.

[0049] First, a distribution (indicated by a reflece symbol CP1+) of the pressing
pressure when a gas having a first pressure islisdpmto the pressure chamber C1
shown in FIG. 2 is calculated by the simulation.exl a distribution (indicated by a
reference symbol CP1-) of the pressing pressuren\ahgas having a second pressure is
supplied into the same pressure chamber C1 islatdduby the simulation. Both the

first pressure and the second pressure are prnessypes, and the first pressure is higher
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than the second pressure.

[0050] Similarly, a distribution (indicated by afeeence symbol CP2+) of the pressing
pressure when a gas having the first pressurepiglied into the pressure chamber C2, a
distribution (indicated by a reference symbol CP@Hhe pressing pressure when a gas
having the second pressure is supplied into thespre chamber C2, a distribution
(indicated by a reference symbol CP3+) of the pngspressure when a gas having the
first pressure is supplied into the pressure chan@l® a distribution (indicated by a
reference symbol CP3-) of the pressing pressurenahgas having the second pressure
is supplied into the pressure chamber C3, a digtab (indicated by a reference symbol
CP4+) of the pressing pressure when a gas havmdirgt pressure is supplied to the
pressure chamber C4, and a distribution (indicate@ reference symbol CP4-) of the
pressing pressure when a gas having the secondupges supplied into the pressure
chamber C4 are calculated by the simulation.

[0051] Next, the arithmetic system 10 calculatesprassing pressure changed in
response to a change in unit pressure of the gédeeipressure chamber C1 by dividing a
difference between the pressing pressure CP1l+ lamdgressing pressure CP1- by a
difference between the first pressure and the sepogssure at each radial position on the
wafer W. Similarly, the arithmetic system 10 céddtes a pressing pressure changed in
response to a change in unit pressure of the gédeipressure chamber C2 by dividing a
difference between the pressing pressure CP2+ langressing pressure CP2- by the
difference between the first pressure and the sepogssure at each radial position on the
wafer W, calculates a pressing pressure changessponse to a change in unit pressure
of the gas in the pressure chamber C3 by dividirdjfference between the pressing
pressure CP3+ and the pressing pressure CP3- byliffieeence between the first
pressure and the second pressure at each radiabpas the wafer W, and calculates a
pressing pressure changed in response to a changeiti pressure of the gas in the
pressure chamber C4 by dividing a difference betwtbe pressing pressure CP4+ and

the pressing pressure CP4- by the difference betwhes first pressure and the second
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pressure at each radial position on the wafer W.

[0052] FIG. 5 is a graph showing an example of ghessing-pressure responsiveness
profile. Vertical axis in FIG. 5 represents pragspressure changed in response to the
change in the unit pressure in the pressure charabdrhorizontal axis represents radial
position on the wafer W. A reference symbol PPEI@. 5 represents a distribution of
the pressing pressure changed in response to @mgehn the unit pressure of the gas in
the pressure chamber C1, a reference symbol PR&sesyis a distribution of the pressing
pressure changed in response to the change imthprassure of the gas in the pressure
chamber C2, a reference PP3 represents a distiibatithe pressing pressure changed in
response to the change in the unit pressure ofjdsan the pressure chamber C3, and a
reference symbol PP4 represents a distributioh@ptessing pressure in response to the
change in the unit pressure of the gas in the presshamber C4. In this manner, the
arithmetic system 10 creates the pressing-pressspensiveness profile.

[0053] As described with reference to FIG. 4, thesping-pressure responsiveness
profile is created by performing the simulation anthe condition that the pressures in
the pressure chambers C1 to C4 are set to thefessure and the second pressure which
are preset values. The pressing-pressure resgoesis profile may change depending
on the set values of the pressures in the preshammbers C1 to C4. The pressures in
the pressure chambers C1 to C4 in the actual poysbf the wafer may also change
depending on the wafer structure, the film thiclepesc.

[0054] Thus, in one embodiment, the arithmetic exystl0 performs the simulation
multiple times while setting the pressures in thesspure chambers C1 to C4 to a plurality
of different values to further calculate (creatbg tpressing-pressure responsiveness
profile. For example, the arithmetic system 10ates a plurality of pressing-pressure
responsiveness profiles by performing the simutatecalculate a first pressing-pressure
responsiveness profile indicating distributions tbe pressing pressure changed in
response to a change from first pressure to sepmssure in the pressure chambers C1

to C4, and a second pressing-pressure responssvenefie indicating distributions of
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the pressing pressure changed in response to ayelfaom third pressure to fourth
pressure in the pressure chambers C1 to C4. Tiweptessure and the fourth pressure
are different from the first pressure and the sdqmessure.

[0055] The arithmetic system 10 may further creae new pressing-pressure
responsiveness profile by interpolation or extrapoh using the plurality of pressing-
pressure responsiveness profiles calculated bithaelation. In one embodiment, the
arithmetic system 10 may further create the prgsgressure responsiveness profile by
inputting the plurality of pressing-pressure respeeness profiles created by the
simulation into a model constructed by machineniggy, and outputting a new pressing-
pressure responsiveness profile from the model.e phrality of pressing-pressure
responsiveness profiles created in this mannerstmed in the memory 10a of the
arithmetic system 10. The arithmetic system 10ate the polishing-rate
responsiveness profile in the step 4 by using dnthe plurality of pressing-pressure
responsiveness profiles.

[0056] The above-described embodiments relate eégptiessure for pressing the wafer
W against the polishing pad 2 by the elastic mem#i24 of the polishing head 7. In
one embodiment, the pressing-pressure responss/gmesle may include the pressure
for pressing the retainer ring 32 of the polishimgad 7 against the polishing pad 2.
More specifically, the simulation may be performesing mathematical models of the
elastic membrane 34 of the polishing head 7, thislpng pad 2, the retainer ring 32, and
the wafer W.

[0057] Next, the step 2 will be described in detailn this step 2, the wafer W is
actually polished. The polishing apparatus shawhlIG. 1 presses the wafer W against
the polishing pad 2 by the polishing head 7 togtothe wafer W while the pressures in
the pressure chambers C1 to C4 of the polishing fieare maintained at predetermined
pressures. The pressures in the pressure cha@bef32, C3, and C4 of the polishing
head 7 are set to predetermined pressures SP1S8B2and SP4, respectively. In one

example, the predetermined pressures SP1, SP2a8&83%P4 are lower than or equal to
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the first pressure used in the above-described ktapd are higher than or equal to the
second pressure. The predetermined pressuresSER1SP3, and SP4 may be different
from each other, or some or all of them may bestrae. The polishing of the wafer W
is performed at least until the film thickness lné tvafer W reaches a target value. The
film-thickness sensor 42 continuously measureditimethickness of the wafer W from
the start to the end of polishing of the wafer \Wd aransmits the measurement values of
the film thickness to the arithmetic system 10.

[0058] Next, the step 3 will be described in detailn this step 3, the arithmetic system
10 calculates polishing rates at the plurality afasurement points on the wafer W by
dividing a difference between an initial film thioéss and a final film thickness at each of
the plurality of measurement points by a polishinte for the wafer W. The initial film
thickness is a film thickness before the polishofgthe wafer W, and the final film
thickness is a film thickness at the end of thespatg of the wafer W. The arithmetic
system 10 creates a polishing-rate profile by ttigtthe calculated polishing rates to the
plurality of measurement points.

[0059] In the actual polishing of the wafer, setgsures in the pressure chambers C1 to
C4 may change depending on the wafer structurefilthehickness, or the like. Thus,
in one embodiment, a plurality of polishing-rat®fges may be created by polishing a
plurality of wafers with different pressures sethe pressure chambers C1 to C4. More
specifically, the plurality of wafers are pressate dy one against the polishing pad 2
with different pressures set in the pressure chesnba& to C4 for each of the plurality of
wafers, so that these plurality of wafers are p@lts The arithmetic system 10 produces
the plurality of polishing-rate profiles indicatirdistributions of the polishing rate of the
plurality of polished wafers. The plurality of peiing-rate profiles created in this
manner are stored in the memory 10a of the ariticmststem 10. The arithmetic
system 10 creates the polishing-rate responsivemesite in the step 4 by using one of
the plurality of polishing-rate profiles.

[0060] Next, the step 4 will be described in detailn this step 4, the arithmetic system
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10 calculates by using the following formulae stbirethe memory 10a,

ra

2.

r=0

Rate(r) — Z[AP(n) < F(n) * P(n,7)] (1)
n=1

Resp(n, r) = F(n) * P(n, r) (2)
where r is a radial position on the wafer W, rahis radius of the wafer W, Rate (r) is a
polishing rate (actually-measured value) at theatgabsition r, n is the number of the
pressure chamber, nt is a total number of pressumenbers (nt = 4 in the embodiment
shown in FIG. 2), AP(n) is a pressure of the gaa inth pressure chamber when the
wafer W is actually polished, F(n) is a polishirader coefficient for the n-th pressure
chamber, P(n, r) is a responsiveness of the pggpsassure at the radial position r for the
n-th pressure chamber, and Resp(n, r) is a polstate responsiveness at the radial
position r for the n-th pressure chamber.
[0061] The arithmetic system 10 calculates a virtypmlishing-rate profile by
multiplying the pressing-pressure responsivenessi@iby a candidate for the polishing-
rate coefficient F(n) and a predetermined pres#dtén) and determines the polishing-
rate coefficient F(n) that minimizes a differenabgolute value) between the actual
polishing-rate profile and the virtual polishingegorofile which is represented by the
formula (1). A known algorithm, such as an optiatian method, can be applied to
determine the polishing-rate coefficient F(n) thrnimizes the above formula (1).
[0062] The polishing-rate coefficient F(n) is a ighing-rate coefficient for the n-th
pressure chamber, while the same polishing-ratéiceat F(n) may be used for all the
pressure chambers C1 to C4. Alternatively, a ptyraf polishing-rate coefficients
F(n) corresponding to the plurality of pressurernchars C1 to C4, respectively, may be
used. Compared with the former, the latter canemminimize the difference between
the actual polishing-rate profile and the virtualighing-rate profile represented by the
above formula (1).
[0063] The arithmetic system 10 further multipltee pressing-pressure responsiveness

profile by the determined polishing-rate coeffidi€ifn) to thereby calculate (create) the
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polishing-rate responsiveness profile represenyetid formula (2).
[0064] A second method of the step 4 will be ddosati

It is known that the polishing rate may be projporl to the pressing pressure,
as indicated by Preston’s law, while in one embauhitn the polishing rate can be
represented including a polishing-rate offset whishndependent of the pressure, as
follows:

polishing rate = pressing pressure x polishing-rasponsiveness + polishing-
rate offset

Both the optimum polishing-rate responsivenesspiighing-rate offset can be
derived by using polishing data of multiple (twormore) wafers polished in advance. It
is preferable to obtain the polishing data of theltiple wafers with different pressing
pressures.

[0065] In this second method of the step 4, ththan@tic system 10 uses the following

) o

where mw is the number of wafers used in the catmn, r is a radial position on the

formulae stored in the memory 10a,

2, (2

m=1 “M=0

Rate(m,r) — (Z [AP(m,n) = F(n) * P(n,1r)] + Offset(r))

n=1

Resp(n, r) = F(n) * P(n, r) + Offset(r) (2)

wafer, ra is the radius of the wafer, Rate (m,sraipolishing rate (actually-measured
value) at a radial position r on a m-th wafer, this number of the pressure chamber, ntis
a total number of pressure chambers (nt = 4 irethbodiment shown in FIG. 2), AP(m,
n) is a pressure of the gas in the n-th pressuaenbbr when the m-th wafer is actually
polished, F(n) is a polishing-rate coefficient the n-th pressure chamber, P(n, r) is a
responsiveness of the pressing pressure at thal nadsition r for the n-th pressure
chamber, Resp(n, r) is a polishing-rate responsisemt the radial position r for the n-th
pressure chamber, and Offset(r) is the polishing-odfset at the radial position r on the
wafer.

[0066] In this second method, the number of wafeguired to obtain the polishing-rate
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profile in the step 2 can also be less than the tatmber of pressure chambers C1 to C4
of the polishing head 7.

[0067] The arithmetic system 10 multiplies the pneg-pressure responsiveness profile
by a candidate for the polishing-rate coefficie(m)Fand a predetermined pressure AP(n)
and further adds a candidate for the polishing-odiget Offset(r) to thereby calculate a
virtual polishing-rate profile and then determirtke polishing-rate coefficient F(n) and
the polishing-rate offset Offset(r) that minimizeliference (absolute value) between the
actual polishing-rate profile and the virtual pblisg-rate profile which is represented by
the above formula (1’). A known algorithm, such as optimization method, can be
applied to determine the polishing-rate coefficiéifh) and the polishing-rate offset
Offset(r) that minimize the above formula (1°).

[0068] The polishing-rate coefficient F(n) is a igbing-rate coefficient for the n-th
pressure chamber. In one embodiment, the samehpualirate coefficient F(n) may be
used for all the pressure chambers C1 to C4. wdterely, a plurality of polishing-rate
coefficients F(n) corresponding to the plurality pfessure chambers C1 to C4,
respectively, may be used. Compared to the fortherjatter can more minimize the
difference between the actual polishing-rate peodihd the virtual polishing-rate profile
represented by the above formula (1).

[0069] The arithmetic system 10 further adds théemeined polishing-rate offset
Offset(r) to a value which is determined by multipy the pressing-pressure
responsiveness profile by the determined polishatg- coefficient F(n) to thereby
calculate (create) the polishing-rate responsivepedfile represented by the formula (2’).

[0070] The following formula (1) may be used iretieof the formula (1').
mw ra 2
(Y (1)
m=1 \r=0

Using the above formula (1’) allows a well-knowntiapzation algorithm, such

nt
Rate(r) — (Z [AP(n) * F(n) * P(n,1)] + Offset(r))

as the least squares method or the quadratic pnogragy method, to be used for

determining F(n) and Offset(r). In the case oingsihis formula (1), the number of
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wafers required to obtain the polishing-rate peoiil the step 2 can also be less than the
total number of pressure chambers C1 to C4 of tislpng head 7.

[0071] FIG. 6 is a graph showing an example of thual polishing-rate profile for
each pressure chamber, the virtual polishing-redéle for all the pressure chambers C1
to C4, and the actual polishing-rate profile. ‘it axis in FIG. 6 represents polishing
rate, and horizontal axis represents radial posita the wafer. A reference symbol
RC1 in FIG. 6 represents the virtual polishing-natefile for the pressure chamber C1, a
reference symbol RC2 represents the virtual poigiate profile for the pressure
chamber C2, a reference symbol RC3 representsirtio@lvpolishing-rate profile for the
pressure chamber C3, and a reference symbol RCGdseayis the virtual polishing-rate
profile for the pressure chamber C4. The virtualighing-rate profile for all the
pressure chambers C1 to C4 is the sum of the Vipigshing-rate profiles RC1, RC2,
RC3, and RCA4.

[0072] As shown in FIG. 6, the difference betwelea virtual polishing-rate profile and
the actual polishing-rate profile is very small. hefefore, the arithmetic system 10 can
create a profile of the responsiveness of the Ipiolgsrate per unit pressure in the
pressure chambers Cl1 to C4 using the above form@peor (2°). In particular,
according to the embodiment, the polishing-ratgpeasiveness profile can be easily
obtained based on the pressing-pressure respoasweprofile generated by the
simulation and the polishing-rate profile obtain®gdthe actual polishing. Furthermore,
the number of wafers (workpieces) and working tifoe obtaining the polishing-rate
responsiveness can be reduced. Specifically, tingber of wafers actually polished in
the step 2 can be reduced. The number of wafeualacpolished in the step 2 may be
one or more, andhe number of wafers required to obtain the patighriate profile in the
step 2 can be less than the total number of presswambers C1 to C4 of the polishing
head 7.

[0073] Furthermore, the polishing-rate responsigengrofile obtained as described

above can be used to optimize polishing conditimnsother wafer to be polished next.
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In one embodiment, the arithmetic system 10 createsrrent film-thickness profile of
the other wafer from measurement values of the filiokness obtained from the film-
thickness sensor 42 (see FIG. 1) during polishihghe other wafer, and determines
pressures in the pressure chambers C1 to C4 famming a difference between the
current film-thickness profile and a target filmetkness profile based on the polishing-
rate responsiveness profile. In another embodintbatarithmetic system 10 creates a
film-thickness profile before polishing of the walMy/ and a film-thickness profile after
polishing of the wafer W which has been used tateré¢he polishing-rate profile, and
determines pressures in the pressure chambers CHY tbased on the film-thickness
profile before the polishing, the film-thicknessfile after the polishing, a target film-
thickness profile, and the polishing-rate respogrsess profile.

[0074] As described above, the polishing-rate rasp@ness profile determined by the
calculation is close to the actual polishing-rasponsiveness profile, but the polishing
rate may slightly change depending on the polistiegd (e.g., slurry) present on the
polishing pad 2 and a temperature of the polistingace 2a of the polishing pad 2.
Thus, in one embodiment, a correction factor, wich be described below, is further
used to improve an accuracy of the polishing-ragponsiveness profile.

[0075] The correction factor is a factor to elintma difference between the actual
polishing-rate profile and the virtual polishingegprofile. The arithmetic system 10
calculates a correction factor G(r) that satisfiessfollowing formula after calculating the

polishing-rate coefficient F(n) that minimizes @i@ove formula (1).
nt
Rate(r) = G(r) + ) [AP(n) + F(n) « P(n,7)] = 0 (3)
n=1

The correction factor G(r) is calculated for eaatlial position on the wafer W.
[0076] The arithmetic system 10 creates a polisinatg responsiveness profile using
the following formula (4) instead of the above faian(2).

Resp(n, ) =G(r) *F(n) *P(n,r)  (4)

The arithmetic system 10 multiplies the pressirgspure responsiveness profile
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by the determined polishing-rate coefficient F(myahe determined correction factor
G(r) to calculate the polishing-rate responsivenpgstile represented by the above
formula (4).

[0077] In one embodiment, the arithmetic systemnidy calculate the polishing-rate
coefficient F(n) and the polishing-rate offset @ffs) that minimize the above formula
(1)) or (1”), and then calculate the correctiontéacG(r) that eliminates the difference
between the actual polishing-rate profile and tlwtual polishing-rate profile. The
arithmetic system 10 may calculate (create) théslpiolg-rate responsiveness profile by
adding the determined polishing-rate offset Off3et§ a value which is determined by
multiplying the pressing-pressure responsivenestlgiby the determined polishing-rate
coefficient F(n) and the determined correctiondac(r).

[0078] The polishing rate may also change dependingchanges over time in
consumables, such as the polishing pad 2, or taeee ring 32 of the polishing head 7.
For example, generally, the polishing surface 2ahef polishing pad 2a is slightly
scraped off by a dresser each time polishing oagemis finished so that the polishing
surface 2a is regenerated. Such an operatiorfeged to as dressing of the polishing
pad 2. As the dressing of the polishing pad 2meated, a thickness of the polishing
pad 2 is gradually reduced, and as a result, alpoly rate of a wafer may be affected.
[0079] Thus, the above-described correction fadBfr) may be updated when a
predetermined update condition is satisfied. Arbediment of updating the correction
factor G(r) will be described below with referenoea flowchart shown in FIG. 7. Steps
1 to 4 shown in FIG. 7 are the same as the steps4lshown in FIG. 3, and duplicated
descriptions will be omitted.

[0080] In step 5, polishing conditions for a nexdfer are optimized. For example, the
arithmetic system 10 creates a film-thickness feddefore the polishing of the wafer W
in the step 2 and a film-thickness profile aftez polishing of the wafer W in the step 2,
and determines pressures in the pressure chamheis €4 based on the film-thickness

profile before the polishing, the film-thicknessofile after the polishing, a target film-
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thickness profile, and the polishing-rate respogrsess profile.
[0081] In step 6, the polishing apparatus showRlI{&. 1 polishes the next wafer under
the optimized polishing conditions, and the arittimeystem 10 creates a new polishing-
rate profile. The optimization of the polishing nclitions in the step 5 may be
performed during polishing of the next wafer in 8tep 6. For example, the arithmetic
system 10 creates a current film-thickness pradfléehe next wafer from measurement
values of the film thickness obtained from the filnckness sensor 42 (see FIG. 1)
during polishing of the next wafer, and determipesssures in the pressure chambers C1
to C4 for minimizing the difference between thereat film-thickness profile and the
target film-thickness profile based on the polighrate responsiveness profile.
[0082] In step 7, the arithmetic system 10 deteemiwhether the update condition for
the polishing-rate coefficient has been satisfietExamples of the update condition of the
polishing-rate coefficient includes the followings:

- the number of polished wafers has reached aepradined number (the
predetermined number may be one);

- the consumable member, such as the polishin@ madhe retainer ring 32, has
reached a predetermined usage time; and

- a difference between a predicted film-thicknessfile and an actual film-
thickness profile exceeds an allowable value (tfeglipted film-thickness profile can be
created from an initial film-thickness profile, tlplishing-rate responsiveness profile,
the pressures in the pressure chambers C1 to G4hamolishing time).
[0083] When the update condition for the polishratg coefficient is satisfied, in step 8,
the arithmetic system 10 updates the polishingHresponsiveness profile by creating a
new polishing-rate responsiveness profile basetherpressing-pressure responsiveness
profile calculated in the step 1, the pressurdglérnpressure chambers C1 to C4 optimized
in the step 5, and the new polishing-rate profdkcglated in the step 6, and replacing the
existing polishing-rate responsiveness profile with new polishing-rate responsiveness

profile.
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[0084] In the step 8, when the update conditionihef polishing-rate coefficient is not
satisfied, the operation flow is returned to thepdh. The polishing conditions for a next
wafer are optimized, and then the next wafer isspeb.

[0085] According to this embodiment, the arithmetystem 10 can create the polishing-
rate responsiveness profile that reflects a changetime in the consumable, such as the
polishing pad 2 or the retainer ring 32.

[0086] The arithmetic system 10 operates accortbniipe instructions contained in the
programs electrically stored in the memory 10a@édgym the operations of the above-
described embodiments. For example, the arithnsgtem 10 performs the simulation
to calculate the pressing-pressure responsivemefifepndicating the distribution of the
pressing pressure, which is to be applied from woekpiece to the polishing pad 2,
changed in response to the changes in the unisyme# the pressure chambers, creates
the polishing-rate profile indicating the distrilmrt of the polishing rate of the workpiece
polished by pressing the workpiece against thespwlg pad 2 while the pressures in the
pressure chambers are maintained at predetermnesdypes, and creates the polishing-
rate responsiveness profile based on the pressesgyre responsiveness profile, the
predetermined pressures, and the polishing-ratfédegro

[0087] The programs to cause the arithmetic sysi@no perform the operations of
each embodiment described above are stored in araasitory tangible computer-
readable storage medium, and provided to the agilsnsystem 10 via the storage
medium. Alternatively, the programs may be inputthe arithmetic system 10 via
communication network, such as the Internet orcallarea network.

[0088] 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

described herein but is to be accorded the widaspes as defined by limitation of the
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claims.

Industrial Applicability

[0089] The present invention is applicable to dtegue of calculating a responsiveness
of a polishing rate to change in a pressure tospeesvorkpiece, such as a wafer, a
substrate, or a panel, for use in manufacturingserhiconductor devices, against a
polishing pad.

Reference Signs List

[0090] 2 polishing pad
2a polishing surface
5 polishing table

5a table shaft

7 polishing head
8 polishing-liquid supply nozzle
10 arithmetic system

10a memory

10b arithmetic device

14 support shaft

16 polishing-head oscillation arm
18 polishing-head shaft

21 table rotating motor

31 head body

32 retainer ring

34, 36 elastic membrane

40 rotary joint

42 film-thickness sensor
C1,C2,C3,C4,C5 pressure chamber
F1, F2, F3, F4, F5 gas delivery line
R1, R2, R3, R4, R5 pressure regulator
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CLAIMS

[Claim 1] A method of creating a polishing-rate pessiveness profile indicating
a distribution of responsiveness of a polishing ra@t a pressure change in a pressure
chamber when a workpiece for use in manufacturinrgemiconductor devices is pressed
against a polishing pad with an elastic membrameiftg the pressure chamber therein,
the method comprising:

performing simulation to calculate a pressing-pues responsiveness profile
indicating a distribution of pressing pressure, ahhis to be applied from the workpiece
to the polishing pad, changed in response to ageham unit pressure in the pressure
chamber;

pressing the workpiece against the polishing pgabtish the workpiece, while a
predetermined pressure is maintained in the preshamber;

creating a polishing-rate profile indicating atdisution of polishing rate of the
polished workpiece; and

creating the polishing-rate responsiveness profiieed on the pressing-pressure

responsiveness profile, the predetermined presandethe polishing-rate profile.

[Claim 2] The method according to claim 1, whereneating the polishing-rate
responsiveness profile comprises:

multiplying the pressing-pressure responsivenes§ilg by the predetermined
pressure and a polishing-rate coefficient to craatetual polishing-rate profile;

determining the polishing-rate coefficient thatnmiizes a difference between
the polishing-rate profile and the virtual polistpirate profile; and

multiplying the pressing-pressure responsivenassilg by the determined

polishing-rate coefficient to create the polishiage responsiveness profile.

[Claim 3] The method according to claim 2, wherdhe pressure chamber

comprises a plurality of pressure chambers, angatishing-rate coefficient comprises a
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plurality of polishing-rate coefficients correspamgl to the plurality of pressure chambers,

respectively.

[Claim 4] The method according to claim 2 or 3tlfer comprising determining a
correction factor that eliminates the differencénsen the polishing-rate profile and the
virtual polishing-rate profile,

wherein multiplying the pressing-pressure respmmess profile by the
determined polishing-rate coefficient to create plodishing-rate responsiveness profile
comprises multiplying the pressing-pressure respensss profile by the determined
polishing-rate coefficient and the determined aocirom factor to create the polishing-rate

responsiveness profile.

[Claim 5] The method according to claim 1, whereneating the polishing-rate
responsiveness profile comprises:

adding a polishing-rate offset to a value deteadiby multiplying the pressing-
pressure responsiveness profile by the predetednpressure and a polishing-rate
coefficient to create a virtual polishing-rate pleaf

determining the polishing-rate coefficient and tpelishing-rate offset that
minimize a difference between the polishing-ratefifg and the virtual polishing-rate
profile; and

adding the determined polishing-rate offset t@le determined by multiplying
the pressing-pressure responsiveness profile bydtermined polishing-rate coefficient

to create the polishing-rate responsiveness profile

[Claim 6] The method according to claim 5, wherdhe pressure chamber
comprises a plurality of pressure chambers, angatishing-rate coefficient comprises a
plurality of polishing-rate coefficients correspamgl to the plurality of pressure chambers,

respectively.
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[Claim 7] The method according to claim 5 or 6tler comprising determining a
correction factor that eliminates the differencénsen the polishing-rate profile and the
virtual polishing-rate profile,
wherein  multiplying the pressing-pressure respmmess profile by the

determined polishing-rate coefficient to create plodishing-rate responsiveness profile
comprises adding the determined polishing-rate ebffo a value determined by
multiplying the pressing-pressure responsivenestlgiby the determined polishing-rate
coefficient and the determined correction factor tweate the polishing-rate

responsiveness profile.

[Claim 8] The method according to any one of clailnt® 7, wherein creating the
pressing-pressure responsiveness profile comprises:

performing simulation to create a first pressimgsgure responsiveness profile
indicating a distribution of the pressing presstiianged in response to a change from a
first pressure to a second pressure in the presbaraber;

performing simulation to create a second prespmegsure responsiveness
profile indicating a distribution of the pressingepsure changed in response to a change
from a third pressure to a fourth pressure in tiesgure chamber; and

creating the pressing-pressure responsivenestepbated on the first pressing-

pressure responsiveness profile and the seconsimpygsressure responsiveness profile.

[Claim 9] The method according to claim 8, wherareating the pressing-
pressure responsiveness profile based on thefiessking-pressure responsiveness profile
and the second pressing-pressure responsivendge pamprises creating the pressing-
pressure responsiveness profile by interpolatioextrapolation using the first pressing-

pressure responsiveness profile and the seconsimpygsressure responsiveness profile.
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[Claim 10] The method according to claim 8, wherareating the pressing-
pressure responsiveness profile based on thefessing-pressure responsiveness profile
and the second pressing-pressure responsivenefie mamprises inputting the first
pressing-pressure responsiveness profile and tumderessing-pressure responsiveness
profile into a model constructed by machine leagniand outputting the pressing-

pressure responsiveness profile from the model.

[Claim 11] The method according to any one of ckith to 10, wherein the
polishing-rate profile comprises one selected framplurality of polishing-rate profiles
created by polishing a plurality of workpieces, and
the plurality of polishing-rate profiles are oltad by:

pressing the plurality of workpieces one by ogaimast the polishing
pad to polish the plurality of workpieces with @ifént pressures set in the pressure
chamber for each of the plurality of workpieces] an

creating the plurality of polishing-rate profil@sdicating distributions

of polishing rate of the plurality of polished weikces.

[Claim 12] The method according to any one of clRinto 11, further comprising
optimizing a polishing condition for other workpéecusing the polishing-rate

responsiveness profile.

[Claim 13] The method according to claim 12, whereptimizing the polishing
condition for the other workpiece comprises:

creating a current film-thickness profile of thén@r workpiece, while the other
workpiece is polished; and

determining the pressure in the pressure chandyeminimizing a difference
between the current film-thickness profile andrge#film-thickness profile based on the

polishing-rate responsiveness profile.
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[Claim 14] The method according to claim 12, whereptimizing the polishing
condition for the other workpiece comprises:

creating a film-thickness profile before the plbigy of the workpiece and a
film-thickness profile after the polishing of theow«piece which has been used to create
the polishing-rate profile; and

determining the pressure in the pressure chamésedbon the film-thickness
profile before the polishing, the film-thicknessofile after the polishing, a target film-

thickness profile, and the polishing-rate respogrsess profile.

[Claim 15] A polishing method comprising:
optimizing a polishing condition for a workpiecesing the polishing-rate
responsiveness profile created by the method aitgptd any one of claims 1 to 14; and
pressing the workpiece against the polishing pét the elastic membrane to

polish the workpiece under the optimized polishangdition.

[Claim 16] A computer-readable storage medium stpra program to cause a
computer to create a polishing-rate responsivepestile indicating a distribution of
responsiveness of a polishing rate to a pressumagehin a pressure chamber when a
workpiece for use in manufacturing of semicondudtie@vices is pressed against a
polishing pad with an elastic membrane forming piressure chamber therein, the
program being configured to cause the computeetfopm the steps of:

performing simulation to calculate a pressing-pues responsiveness profile
indicating a distribution of pressing pressure, ahhis to be applied from the workpiece
to the polishing pad, changed in response to ageham unit pressure in the pressure
chamber;

creating a polishing-rate profile indicating atdisution of polishing rate of the

workpiece polished by pressing the workpiece agathe polishing pad while a
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predetermined pressure is maintained in the preshamber; and
creating the polishing-rate responsiveness profiieed on the pressing-pressure

responsiveness profile, the predetermined presandethe polishing-rate profile.
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