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POLISHING METHOD AND POLISHING APPARATUS

BACKGROUND OF THE INVENTION
Field of the Invention:

The present invention relates to a polishing nebiwed a polishing apparatus for
polishing a substrate, such as a wafer, while prg$ise substrate against a polishing surface
of a polishing pad, and more particularly to agiulig method and a polishing apparatus for
polishing a substrate on a polishing surface dflesinng pad while adjusting a temperature
of the polishing surface.

Description of the Related Art:

A CMP (chemical mechanical polishing) apparatussed in a process of polishing
a surface of a wafer in manufacturing of a semiocotat device. The CMP apparatus is
configured to press the wafer against a polishaxygn a polishing table by a polishing head,
while rotating the polishing table, to thereby pblithe surface of the waferDuring
polishing of the wafer, slurry is supplied onto pgatishing pad. The surface of the wafer is
planarized by the chemical action of the slurry Hr@lmechanical action of abrasive grains
contained in the slurry.

The CMP apparatus is a composite machine thabrpesfpolishing, cleaning, and
drying of a wafer. Specifically, the wafer is @bied by a polishing unit, and then the
polished wafer is transported to a cleaning urtt ttve wafer is cleaned by the cleaning unit.
Further, the cleaned wafer is transported to andrunit, so that the wafer is dried in the
drying unit. In this manner, polishing, cleanimgd drying of the wafer are sequentially
performed.

A plurality of wafers stored in a wafer cassette earried to the CMP apparatus,
and these wafers are sequentially polished, clearetidried by the CMP apparatus. A
plurality of wafers (i.e., wafers to be polishethred in one wafer cassette have the same
film structure. Generally, polishing of each waeterminated when a thickness of a film

that forms the surface of the wafer reaches attthgpiness.
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However, an initial film thickness varies slightitpm wafer to wafer. As a result,
a polishing time from the start of polishing to #wd of polishing also varies slightly from
wafer to wafer. If the polishing time of each wafaries, a throughput becomes unstable.
In particular, in a composite process of sequéwntipblishing, cleaning, and drying a
plurality of wafers, polishing of the wafers became rate-determining factor, and a

processing time of the entire wafers becomes ullestab

SUMMARY OF THE INVENTION

Therefore, the present invention provides a poigshmethod and a polishing
apparatus capable of terminating polishing of assate, such as a wafer, at a preset
polishing time.

In an embodiment, there is provided a polishinghwe comprising: polishing a
substrate by pressing the substrate against ahipgjisurface of a polishing pad, while
regulating a temperature of the polishing surfage theat exchanger; calculating a target
polishing rate required for an actual polishingdito coincide with a target polishing time,
the actual polishing time being a time durationfrstart of polishing the substrate until a
film thickness of the substrate reaches a targekribss; determining a target temperature of
the polishing surface that can achieve the targksipng rate; and during polishing of the
substrate, changing a temperature of the polisbimtace to the target temperature by the
heat exchanger.

In an embodiment, calculating the target polishiate comprises: calculating a
remaining film thickness by subtracting the tartigtkness from a film thickness of the
substrate at a present point in time; calculatimgnaaining time by subtracting an elapsed
time from the target polishing time, the elapsedetibeing a period of time from start of

polishing the substrate to the present point irtiamd dividing the remaining film thickness
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by the remaining time, thereby calculating thedgapplishing rate.

In an embodiment, determining the target tempezati the polishing surface
comprises determining the target temperature opttishing surface corresponding to the
target polishing rate based on a relational exmmesmdicating a correlation between
polishing rate and temperature of the polishindeser.

In an embodiment, the relational expression Elational expression produced by:
polishing one of sample substrates on the poliskimgace of the polishing pad while
keeping the temperature of the polishing surfacetemt by the heat exchanger; calculating
a polishing rate of the one sample substrate; tiyggeaolishing of one of the sample
substrates and calculation of a polishing ratdefane sample substrate, while changing the
sample substrate to be polished from one to anofttbe plurality of sample substrates and
while changing the temperature of the polishingamar to another temperature, thereby
obtaining a plurality of polishing rates correspoigdto a plurality of temperatures of the
polishing surface; and determining the relatioxglression indicating a correlation between
the plurality of temperatures of the polishing aad and the plurality of polishing rates.

In an embodiment, the relational expression Elational expression produced by:
polishing a sample substrate on the polishing sertd the polishing pad while measuring a
temperature of the polishing surface; calculatinguaality of polishing rates of the sample
substrate corresponding to a plurality of tempeestwf the polishing surface, respectively;
and determining the relational expression indigancorrelation between the plurality of
temperatures of the polishing surface and the lghucd polishing rates.

In an embodiment, there is provided a polishinghwe comprising: polishing a
substrate by pressing the substrate against ahipgjisurface of a polishing pad, while
regulating a temperature of the polishing surfage theat exchanger; calculating a target
polishing rate required for an actual polishingdito coincide with a target polishing time,
the actual polishing time being a time durationrirstart of polishing the substrate until a
film thickness of the substrate reaches a targekribss; and during polishing of the

substrate, adjusting a temperature of the poliskimtace by the heat exchanger such that a



10

15

20

25

current polishing rate of the substrate is maieigiat the target polishing rate.

In an embodiment, calculating the target polishiate comprises: calculating a
remaining film thickness by subtracting the tartigtkness from a film thickness of the
substrate at a present point in time; calculatimgnaaining time by subtracting an elapsed
time from the target polishing time, the elapsedetibeing a period of time from start of
polishing the substrate to the present point irtiamd dividing the remaining film thickness
by the remaining time, thereby calculating thedgapplishing rate.

In an embodiment, adjusting the temperature opthishing surface is performed
within a temperature range that does not exceeddefermined upper limit temperature, the
upper limit temperature being determined based temgperature of the polishing surface
that maximizes a polishing rate of the substrate.

In an embodiment, there is provided a polishingaagtus comprising: a polishing
table for supporting a polishing pad; a polishirgadh configured to polish a substrate by
pressing the substrate against a polishing sudadbe polishing pad; a heat exchanger
having a heating flow passage and a cooling flogsage therein, the heat exchanger being
arranged above the polishing table; a pad-temperaneasuring device configured to
measure a temperature of the polishing surfadejcadupply system having a heating-fluid
supply pipe and a cooling-fluid supply pipe couptedthe heating flow passage and the
cooling flow passage, respectively; a film-thickheensor attached to the polishing table;
and an operation controller having a memory antbegssing device, the memory storing a
program therein, the processing device being cordiyto perform an arithmetic operation
according to an instruction contained in the prograhe operation controller being
configured to calculate a target polishing rateuregl for an actual polishing time to
coincide with a target polishing time, the actualighing time being a time duration from
start of polishing the substrate until a film thelss of the substrate reaches a target
thickness, determine a target temperature of thehpog surface that can achieve the target
polishing rate, and operate the fluid supply systiuming polishing of the substrate to

change a temperature of the polishing surfaceettettyet temperature by the heat exchanger.
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In an embodiment, the operation controller is igured to: calculate a remaining
film thickness by subtracting the target thicknigem a film thickness of the substrate at a
present point in time; calculate a remaining tingesbbtracting an elapsed time from the
target polishing time, the elapsed time being aodeof time from start of polishing the
substrate to the present point in time; and divige remaining film thickness by the
remaining time to calculate the target polishirtg.ra

In an embodiment, the operation controller stonesthe memory, a relational
expression indicating a correlation between poighiate and temperature of the polishing
surface, and the operation controller is configucedetermine the target temperature of the
polishing surface corresponding to the target pwolg rate based on the relational
expression.

In an embodiment, the relational expression Elational expression produced by:
polishing one of sample substrates on the poliskimgace of the polishing pad while
keeping the temperature of the polishing surfacetemt by the heat exchanger; calculating
a polishing rate of the one sample substrate; tiyggeaolishing of one of the sample
substrates and calculation of a polishing ratdefane sample substrate, while changing the
sample substrate to be polished from one to anofttbe plurality of sample substrates and
while changing the temperature of the polishingagar to another temperature, thereby
obtaining a plurality of polishing rates correspoigdto a plurality of temperatures of the
polishing surface; and determining the relatioxgression indicating a correlation between
the plurality of temperatures of the polishing aad and the plurality of polishing rates.

In an embodiment, the relational expression Elational expression produced by:
polishing a sample substrate on the polishing seréd the polishing pad while measuring a
temperature of the polishing surface; calculatinguaality of polishing rates of the sample
substrate corresponding to a plurality of tempeestwf the polishing surface, respectively;
and determining the relational expression indigancorrelation between the plurality of
temperatures of the polishing surface and the lghucd polishing rates.

In an embodiment, there is provided a polishingaag@tus comprising: a polishing
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table for supporting a polishing pad; a polishirgadh configured to polish a substrate by
pressing the substrate against a polishing sudadbe polishing pad; a heat exchanger
having a heating flow passage and a cooling flossage therein, the heat exchanger being
arranged above the polishing table; a pad-temperaneasuring device configured to
measure a temperature of the polishing surfadejcadupply system having a heating-fluid
supply pipe and a cooling-fluid supply pipe couptedthe heating flow passage and the
cooling flow passage, respectively; a film-thickheensor attached to the polishing table;
and an operation controller having a memory antbegssing device, the memory storing a
program therein, the processing device being cordijto perform an arithmetic operation
according to an instruction contained in the prograhe operation controller being
configured to calculate a target polishing rateurmegl for an actual polishing time to
coincide with a target polishing time, the actualighing time being a time duration from
start of polishing the substrate until a film thelss of the substrate reaches a target
thickness, and operate the fluid supply systermdupolishing of the substrate to adjust a
temperature of the polishing surface by the heethaxger such that a current polishing rate
of the substrate is maintained at the target polistate.

In an embodiment, the operation controller is igured to: calculate a remaining
film thickness by subtracting the target thicknigem a film thickness of the substrate at a
present point in time; calculate a remaining tingesbbtracting an elapsed time from the
target polishing time, the elapsed time being aodeof time from start of polishing the
substrate to the present point in time; and divige remaining film thickness by the
remaining time to calculate the target polishirtg.ra

In an embodiment, the operation controller is ured to allow the heat
exchanger to adjust the temperature of the poliskumface within a temperature range that
does not exceed a predetermined upper limit teryperahe upper limit temperature being
determined based on a temperature of the polishirfigce that maximizes a polishing rate
of the substrate.

According to the present invention, the film tmeks of the substrate reaches the
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target thickness, and at the same time, the piaaget polishing time is reached. Therefore,
polishing of a plurality of substrates can be teated at a constant polishing time, and as a

result, the throughput can be stable.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view showing an embodiméatpwlishing apparatus;

FIG. 2 is a horizontal cross-sectional view shgvan embodiment of a heat
exchanger;

FIG. 3 is a plan view showing a positional relasbip between the heat exchanger
and a polishing head on a polishing pad;

FIG. 4 is a graph showing an example of a relati@xpression indicative of a
correlation between polishing rate and temperaitigepolishing surface;

FIG. 5 is a diagram illustrating a graph showimgexample of a change in the
polishing rate with polishing time, and a graphwimg an example of a change in film
thickness with polishing time;

FIG. 6 is a diagram illustrating a graph showing anothemgple of a change in
the polishing rate with polishing time, and a graplbwing another example of a change in
film thickness with polishing time;

FIG. 7 is a graph showing a plurality of data p®ispecified by respective
polishing rates of a plurality of sample wafers aratresponding temperatures of the
polishing surface;

FIG. 8 is a diagram illustrating an example ofatirey the relational expression
indicative of the correlation between the polishiatg and the temperature of the polishing
surface shown in FIG. 4;

FIG. 9 is a schematic cross-sectional view of &slpog apparatus having a
dresser; and

FIG. 10 is a schematic view showing an exampke adnfiguration of an operation

controller.
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DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention will now lesaibed with reference to the
drawings.

FIG. 1 is a schematic view showing an embodiméatmolishing apparatus having
a temperature regulation device. As shown in AiGhe polishing apparatus includes a
polishing head 1 for holding and rotating a wafemiMch is an example of a substrate, a
polishing table 2 that supports a polishing pac 3Jurry supply nozzle 4 for supplying
slurry onto a surface of the polishing pad 3, anttraperature regulation device 5 for
regulating a temperature of a polishing surfaceof3¢he polishing pad 3. The surface
(upper surface) of the polishing pad 3 providespbkshing surface 3a for polishing the
wafer W.

The polishing head 1 is vertically movable, anddtatable about its axis in a
direction indicated by arrow. The wafer W is hefda lower surface of the polishing head
1 by, for example, vacuum suction. A table motas 6oupled to the polishing table 2, so
that the polishing table 2 can rotate in a directi@icated by arrow. As shown in FIG. 1,
the polishing head 1 and the polishing table 2teatathe same direction. The polishing
pad 3 is attached to the upper surface of thelpoggable 2.

The polishing apparatus includes an operation raibet 40 for controlling
operations of the polishing head 1, the table m6iahe slurry supply nozzle 4, and the
temperature regulation device 5. The operationtralder 40 is constituted by at least one
computer. The operation controller 40 includeseamory 110 storing programs therein,
and an arithmetic device 120 that performs aritior@erations according to instructions
contained in the programs. The arithmetic deviz@ ibcludes a CPU (central processing
unit) or GPU (graphics processing unit) that penfothe arithmetic operations according to
the instructions contained in the programs. Thearg 110 includes a main memory (for
example, a random-access memory) accessible byarittemetic device 120, and an

auxiliary memory (for example, a hard disk driveaosolid-state drive) that stores data and
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programs therein.

Polishing of the wafer W is performed as follonsng The wafer W, to be polished,
is held by the polishing head 1, and is then rdtaiethe polishing head 1. The polishing
table 2 is rotated together with the polishing day the table motor 6.  While the wafer W
and the polishing pad 3 are rotating, the slurrgupplied from the slurry supply nozzle 4
onto the polishing surface 3a of the polishing Badnd the surface of the wafer W is
pressed by the polishing head 1 against the pofjsturface 3a of the polishing pad 3. The
surface of the wafer W is polished by the slidimgptact with the polishing pad 3 in the
presence of the slurry. The surface of the wafas \Manarized by the chemical action of
the slurry and the mechanical action of abrasiaggrcontained in the slurry.

The polishing apparatus further includes a filickhess sensor 7 configured to
measure a film thickness of the wafer W. The filmckness sensor 7 is fixed to the
polishing table 2 and rotates together with théspoig table 2. The film-thickness sensor
7 is configured to generate a film-thickness sigialt changes according to the film
thickness of the wafer W. The film-thickness sen&@ arranged in the polishing table 2
and generates film-thickness signals indicatingn fihicknesses of a plurality of areas
including a central portion of the wafer W eachetithe polishing table 2 makes one rotation.
Examples of the film-thickness sensor 7 includeptical sensor and an eddy current sensor.

During polishing of the wafer W, the film-thickreesensor 7 rotates together with
the polishing table 2, and generates the film-téds signal while sweeping across the
surface of the wafer W. This film-thickness sigoanprises an index value that directly or
indirectly indicates the film thickness of the wa¥®. The film-thickness signal varies as
the film thickness of the wafer W decreases. Thethickness sensor 7 is coupled to the
operation controller 40, so that the film-thickneggal is sent to the operation controller 40.
When the film thickness of the wafer W, indicatgdtbe film-thickness signal, reaches a
predetermined target thickness, the operation aet40 instructs the polishing head 1 and
the polishing table 2 to terminate polishing of weder W.

The temperature regulation device 5 includes & éeehanger 11 configured to
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regulate the temperature of the polishing surfac®f3the polishing pad 3 by performing
heat exchange with the polishing pad 3. The teatper regulation device 5 further
includes a fluid supply system 30 for supplying eating fluid having a regulated
temperature and a cooling fluid having a regulagsdperature into the heat exchanger 11.
The temperature regulation device 5 further incduale elevating mechanism 20 coupled to
the heat exchanger 11. The heat exchanger 1&atetbover the polishing table 2 and the
polishing surface 3a of the polishing pad 3. Thathexchanger 11 has a bottom surface
facing the polishing surface 3a of the polishingl (|2 The elevating mechanism 20 is
configured to raise and lower the heat exchanger More specifically, the elevating
mechanism 20 is configured to move the bottom sarfaf the heat exchanger 11 in a
direction toward the polishing surface 3a of thisshang pad 3 and in a direction away from
the polishing surface 3a of the polishing pad 3he €levating mechanism 20 includes an
actuator (not shown), such as a motor or an ainast. The operation of the elevating
mechanism 20 is controlled by the operation coleirdl0.

The fluid supply system 30 includes a heatingdflsipply tank 31 as a heating-
fluid supply source for holding the heating fluidving a regulated temperature therein.
The fluid supply system 30 further includes a mepfiuid supply pipe 32 and a heating-
fluid return pipe 33, each coupling the heatingdflsupply tank 31 to the heat exchanger 11.
Ends of the heating-fluid supply pipe 32 and thating-fluid return pipe 33 are coupled to
the heating-fluid supply tank 31, and the otherseareé coupled to the heat exchanger 11.

The heating fluid having a regulated temperatsigupplied from the heating-fluid
supply tank 31 to the heat exchanger 11 througihéaéing-fluid supply pipe 32, flows in
the heat exchanger 11, and is returned from thieelxehanger 11 to the heating-fluid supply
tank 31 through the heating-fluid return pipe 38 this manner, the heating fluid circulates
between the heating-fluid supply tank 31 and that mxchanger 11. The heating-fluid
supply tank 31 has a heater (not shown in the digs)j so that the heating fluid is heated by
the heater to have a predetermined temperature.

The fluid supply system 30 includes a first on-adive 41 and a first flow-rate

10
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control valve 42 attached to the heating-fluid $ygppe 32. The first flow-rate control
valve 42 is located between the heat exchangend1he first on-off valve 41. The first
on-off valve 41 is a valve not having a flow ratatolling function, whereas the first flow-
rate control valve 42 is a valve having a flow @atrolling function.

The fluid supply system 30 further includes a wapfluid supply pipe 51 and a
cooling-fluid discharge line 52, both coupled te tieat exchanger 11. The cooling-fluid
supply pipe 51 is coupled to a cooling-fluid suppburce (e.g., a cold water supply source)
provided in a factory in which the polishing appasais installed. The cooling fluid is
supplied to the heat exchanger 11 through thergpdlluid supply pipe 51, flows in the heat
exchanger 11, and is drained from the heat exchddgirough the cooling-fluid discharge
line 52. In one embodiment, the cooling fluid thas flowed through the heat exchanger
11 may be returned to the cooling-fluid supply seuthrough the cooling-fluid discharge
line 52.

The fluid supply system 30 further includes a sélcon-off valve 55 and a second
flow-rate control valve 56 attached to the coolitgd supply pipe 51. The second flow-
rate control valve 56 is located between the heettanger 11 and the second on-off valve
55. The second on-off valve 55 is a valve not mgna flow rate controlling function,
whereas the second flow-rate control valve 56 ismlae having a flow rate controlling
function.

The first on-off valve 41, the first flow-rate dool valve 42, the second on-off
valve 55, and the second flow-rate control valvefsscoupled to the operation controller 40,
so that the operations of the first on-off valve #ie first flow-rate control valve 42, the
second on-off valve 55, and the second flow-ratetrob valve 56 are controlled by the
operation controller 40.

The temperature regulation device 5 further inetud pad-temperature measuring
device 39 for measuring a temperature of the palisburface 3a of the polishing pad 3
(which may hereinafter be referred to as pad serfamperature). The pad-temperature

measuring device 39 is coupled to the operatiotraiter 40. The operation controller 40

11
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is configured to operate the first flow-rate cohtralve 42 and the second flow-rate control
valve 56 based on the pad surface temperature nedasy the pad-temperature measuring
device 39. The first on-off valve 41 and the secon-off valve 55 are usually open. The
pad-temperature measuring device 39 may be a imdi#ttermometer configured to
measure the temperature of the polishing surfaaef s polishing pad 3 in a non-contact
manner. The pad-temperature measuring device d8pesed above the polishing surface
3a of the polishing pad 3.

The pad temperature measuring device 39 measwgmtl surface temperature in
a non-contact manner and sends the measured Valne pad surface temperature to the
operation controller 40. The operation controé€r operates the first flow-rate control
valve 42 and the second flow-rate control valveb@8ed on the measured pad surface
temperature to regulate the flow rates of the hgdtuid and the cooling fluid such that the
pad surface temperature is maintained at a praggtttemperature. The first flow-rate
control valve 42 and the second flow-rate contrlve 56 operate according to control
signals from the operation controller 40, and ratguthe flow rate of the heating fluid and
the flow rate of the cooling fluid to be suppliedl the heat exchanger 11. The heat
exchange is performed between the polishing padd3tee heating fluid and cooling fluid
flowing through the heat exchang&t, whereby the pad surface temperature changes.

Such a feedback control allows the temperatuthefpolishing surface 3a of the
polishing pad 3 (i.e., the pad surface temperatird)e maintained at the predetermined
target temperature. PID control can be used asfdéhdback control. The target
temperature of the polishing pad 3 is determinesetbeon the type of film forming the
surface of the wafer W or the polishing processhe determined target temperature is input
in advance into the operation controller 40 andestan the memory 110.

A heating liquid, such as hot water, may be usetth@ heating fluid supplied to the
heat exchanger 11. The heating fluid is heated hgater (not shown) of the heating-fluid
supply tank 31 to have a temperature of abougxample, 80°C. In order to increase the

surface temperature of the polishing pad 3 morekdyisilicone oil may be used as the
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heating fluid. When silicone oil is used as thatimg fluid, the silicone oil is heated by the
heater of the heating-fluid supply tank 31 to haveemperature of 100°C or more (e.g.,
about 120°C).

A cooling liquid, such as cold water or siliconk may be used as the cooling fluid
supplied to the heat exchanger 11. In the casesiofy silicone oil as the cooling fluid, a
chiller, which is the cooling-fluid supply soureeay be coupled to the cooling-fluid supply
pipe 51 so as to cool the silicone oil to 0°C gsleso that the heat exchanger 11 can quickly
cool the polishing pad 3. Pure water may be usetha cold water. A chiller may be
used as the cooling-fluid supply source to coolpine water to produce the cold water. In
this case, the cold water that has flowed throbghhieat exchanger 11 may be returned to
the chiller through the cooling-fluid discharge @iR.

The heating-fluid supply pipe 32 and the coolihggf supply pipe 51 are
completely independent pipes. Therefore, the ihgatiuid and the cooling fluid are
supplied to the heat exchanger 11 without beingethixith each other. The heating-fluid
return pipe 33 and the cooling-fluid discharge B2eare also completely independent pipes.
Accordingly, the heating fluid is returned to theating fluid supply tank 31 without being
mixed with the cooling fluid, and the cooling fluisl drained or is returned to the cooling
fluid supply source without being mixed with theatieg fluid.

Next, the heat exchanger 11 will be described vethrence to FIG. 2. FIG. 2isa
horizontal cross-sectional view showing the heaharger 11. As shown in FIG. 2, the
heat exchanger 11 includes a flow-passage stru¢tuteaving a heating flow passage 61
and a cooling flow passage 62 formed therein. héngresent embodiment, the entire heat
exchanger 11 has a circular shape. The bottoracgudf the heat exchanger 11 is flat and
circular. The bottom surface of the heat exchafdes constituted by a bottom surface of
the flow-passage structure 70. The flow-passagetate 70 is made of a material having
excellent wear resistance and high thermal condtyctwhich may be ceramic, such as
dense SiC.

The heating flow passage 61 and the cooling flagspge 62 are arranged next to

13
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each other (or side by side), and extend in alsghegpe. Further, the heating flow passage
61 and the cooling flow passage 62 have a shap®inf symmetry, and have the same
length. Each of the heating flow passage 61 amdctivling flow passage 62 basically

comprises a plurality of arc flow passages 64 lgaairtonstant curvature and a plurality of

inclined flow passages 65 coupling the arc flowspgses 64. Two adjacent arc flow

passages 64 are coupled by each inclined flow ga$a

Such constructions make it possible to locateotitermost portions of the heating
flow passage 61 and the cooling flow passage 6@nabutermost portion of the heat
exchanger 11. Specifically, the entire bottom aefof the heat exchanger 11 lies under
the heating flow passage 61 and the cooling flogsage 62. Therefore, the heating fluid
and the cooling fluid can quickly heat and cool pleéishing surface 3a of the polishing pad
3. The heat exchange between the polishing pad 8h& heating fluid and cooling fluid is
performed in a state such that the slurry is ptelsetween the polishing surface 3a of the
polishing pad 3 and the bottom surface of the éeethanger 11. It should be noted that the
shapes of the heating flow passage 61 and thengdithw passage 62 are not limited to the
embodiment shown in FIG. 2, and the heating flogsspge 61 and the cooling flow passage
62 may have other shapes.

The heating-fluid supply pipe 32 (see FIG. 1) aailed to an inlet 61a of the
heating flow passage 61, and the heating-fluidrmepipe 33 (see FIG. 1) is coupled to an
outlet 61b of the heating flow passage 61. Thdirgpdiuid supply pipe 51 (see FIG. 1) is
coupled to an inlet 62a of the cooling flow passé@geand the cooling-fluid discharge pipe
52 (see FIG. 1) is coupled to an outlet 62b ofcbaing flow passage 62. The inlets 61a
and 62a of the heating flow passage 61 and théngotdbw passage 62 are located at the
peripheral portion of the heat exchanger 11, aadtltlets 61b and 62b of the heating flow
passage 61 and the cooling flow passage 62 artetbed the central portion of the heat
exchanger 11. Therefore, the heating fluid anddb@ing fluid flow spirally from the
peripheral portion toward the central portion of tieat exchanger 11. The heating flow

passage 61 and the cooling flow passage 62 arelemiypseparated, so that the heating
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fluid and the cooling fluid are not mixed in theahexchanger 11.

FIG. 3 is a plan view showing a positional relasbip between the heat exchanger
11 and the polishing head 1 on the polishing padThe heat exchanger 11 has a circular
shape when viewed from above, and has a diametaellesnthan the diameter of the
polishing head 1. A distance from the rotatingtee® of the polishing pad 3 to the center
P of the heat exchanger 11 is equal to a distanoe the rotating center O of the polishing
pad 3 to the center Q of the polishing head 1. ceSthe heating flow passage 61 and the
cooling flow passage 62 are adjacent to each otherheating flow passage 61 and the
cooling flow passage 62 are arranged not only albegadial direction of the polishing pad
3, but also along the circumferential directiortted polishing pad 3. Therefore, while the
polishing table 2 and the polishing pad 3 are irjathe polishing pad 3 performs the heat
exchange with both of the heating fluid and thdingdiuid.

Referring back to FIG. 1, the operation control&r obtains, from the film-
thickness sensor 7, the film-thickness signal thegctly or indirectly indicates the film
thickness of the wafer W during polishing of thefevaW. The operation controller 40
instructs the polishing head 1, the polishing taéhletc. to terminate polishing of the wafer
W when the film thickness of the wafer W has redch@reset target thickness. The target
thickness is a numerical value that directly orriectly indicates a target value of the film
thickness of the wafer W. Furthermore, the opematcontroller 40 controls the
temperature of the polishing surface 3a of thespolg pad 3 (i.e., the pad surface
temperature) via the heat exchanger 11 such thattaral polishing time coincides with a
preset target polishing time. The actual polishing is a period of time from the start of
polishing the wafer W until the film thickness betwafer W reaches the target thickness.

More specifically, the operation controller 40csnfigured to calculate a target
polishing rate required for the actual polishingdi(i.e., a time duration from the start of
polishing the wafer W until the film thickness betwafer W reaches the target thickness) to
coincide with the preset target polishing time. eTdperation controller 40 is further

configured to determine a target temperature optiishing surface 3a that can achieve the
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calculated target polishing rate, and operate Ithe $upply system 30 during polishing of
the wafer W to change the temperature of the polisburface 3a to the target temperature
by the heat exchanger 11.

The operation controller 40 calculates the tapgdishing rate during polishing of
the wafer W as follows. The operation controll®rcélculates a remaining film thickness
by subtracting the target thickness from a filnckhiess of the wafer W at a present point in
time. This present point in time is a certain paintime during polishing of the wafer W.
The film thickness of the wafer W at the presenhipm time can be determined from the
film-thickness signal transmitted from the filmdkness sensor 7. Next, the operation
controller 40 calculates a remaining time by subing an elapsed time (i.e., a period of
time from the start of polishing the wafer W to thiesent point in time) from the target
polishing time. The operation controller 40 thewides the remaining film thickness by
the remaining time, thereby calculating the tapgishing rate.

The operation controller 40 determines the tatgetperature of the polishing
surface 3a of the polishing pad 3 that can achteyealculated target polishing rate. More
specifically, the operation controller 40 deterrsirtbe target temperature of the polishing
surface 3a corresponding to the calculated targéshing rate based on a relational
expression indicating a correlation between poighiate and temperature of the polishing
surface 3a. The relational expression showingctireelation between polishing rate and
temperature of the polishing surface 3a is producetivance based on measurement data
of the polishing rate and the temperature of thiesipiog surface 3a. The measurement
data can be obtained by an actual polishing prosesh as experiments, polishing of a
product wafer (or product substrate), or polishimg sample wafer (or sample substrate).
The operation controller 40 stores this relati@adression in the memory 110 in advance.

FIG. 4 is a graph showing an example of the iali expression showing the
correlation between the polishing rate and the &atpre of the polishing surface 3a. As
shown in FIG. 4, the polishing rate of the wafecckiénges depending on the temperature of

the polishing surface 3a of the polishing pad 3her&fore, the operation controller 40 can
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determine, from the relational expression, the &matpre of the polishing surface 3a (i.e.,
the target temperature) corresponding to the caleditarget polishing rate. The operation
controller 40 is configured to determine, duringigiong of the wafer W, the target
temperature of the polishing surface 3a of thespolg pad 3 that can achieve the target
polishing rate.

Further, during polishing of the wafer W, the @tiem controller 40 operates the
fluid supply system 30 to cause the heat exchahfjeio change the temperature of the
polishing surface 3a to the target temperature. reMpecifically, the operation controller
40 is configured to operate or manipulate the fiest-rate control valve 42 and the second
flow-rate control valve 56 based on a differencénben a current temperature of the
polishing surface 3a and the target temperaturer example, when the current temperature
of the polishing surface 3a is lower than the tatgmperature, the operation controller 40
increases the opening degree of the first flow-catérol valve 42 and decreases the opening
degree of the second flow-rate control valve 56he fow rate of the heating fluid flowing
in the heat exchanger 11 increases, while the feaer of the cooling fluid flowing in the
heat exchanger 11 decreases. As a result, theetatage of the heat exchanger 11 itself
rises, and the temperature of the polishing surBeceises. In this way, the operation
controller 40 controls the temperature of the alig surface 3a via the heat exchanger 11
by operating the first flow-rate control valve 4®&dahe second flow-rate control valve 56, so
that the polishing rate of the wafer W can be ddglis

FIG. 5 is a graph showing an example of a changthe polishing rate with
polishing time and a graph showing an example change in the film thickness with
polishing time. The temperature of the polishingface 3a of the polishing pad 3 is
maintained at a set temperature by the heat exehddg When polishing of the wafer W
is started (polishing time 0), the wafer W is pudid at a first polishing rate R1. As the
wafer W is polished, the film thickness of the wafé gradually decreases from its initial
film thickness P1.

When the polishing time reaches a correction poinfor the polishing rate, the
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operation controller 40, as described above, datesra target polishing rate required for an
actual polishing time (i.e., a time duration frane tstart of polishing the wafer W until the
film thickness of the wafer W reaches a targetkiiéss PT) to coincide with a target
polishing time EP. Specifically, the operation troler 40 calculates a remaining film
thickness SP by subtracting the target thicknesgad?i a film thickness P1’ of the wafer W
at the present point in time T1, calculates a remgitime RT by subtracting an elapsed
time (i.e., a time duration from the start of pligy the wafer W to the present point in time
T1) from the target polishing time EP, and divides remaining film thickness SP by the
remaining time RT to determine a target polishirgerR2 (=SP/RT). Further, the
operation controller 40 determines the target teatpee of the polishing surface 3a that can
achieve the target polishing rate R2 from the im@lal expression shown in FIG. 4, and
operates the fluid supply system 30 during polighoi the wafer W to allow the heat
exchanger 11 to change the temperature of thehpaisurface 3a to the target temperature.
As a result, the polishing rate of the wafer W d&nfrom the first polishing rate R1 to the
target polishing rate R2.

The wafer W is polished at the target polishirtg R2. When the film thickness
of the wafer W reaches the target thickness PTstpng of the wafer W is terminated. At
this time, the polishing time (i.e., the actualigtuhg time) of the wafer W coincides with
the target polishing time EP. Specifically, at #ane time that the film thickness of the
wafer W reaches the target thickness PT, the alaps®e from the start of polishing the
wafer W reaches the target polishing time EP.

FIG. 6 is a graph showing another example of tiange in the polishing rate with
polishing time and a graph showing another examipliee change in the film thickness with
polishing time. The temperature of the polishingface 3a of the polishing pad 3 is
maintained at a set temperature by the heat exehddg When the polishing of the wafer
W is started (polishing time 0), the wafer W isigiobd at a first polishing rate R1. As the
wafer W is polished, the film thickness of the wafé gradually decreases from its initial

film thickness P2. The initial film thickness P29maller than the initial film thickness P1
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shown in FIG. 5.

When the polishing time reaches a correction poihffor the polishing rate, the
operation controller 40, as described above, datesra target polishing rate required for an
actual polishing time (i.e., a time duration frane tstart of polishing the wafer W until the
film thickness of the wafer W reaches the targ@ktiess PT) to coincide with the target
polishing time EP. Specifically, the operation ttoler 40 calculates a remaining film
thickness SP by subtracting the target thicknesgad?i a film thickness P2’ of the wafer W
at the present point in time T2, calculates a remgitime RT by subtracting an elapsed
time (i.e., a time duration from the start of pligy the wafer W to the present point in time
T2) from the target polishing time EP, and divides remaining film thickness SP by the
remaining time RT to determine a target polishiage rR3 (=SP/RT). Further, the
operation controller 40 determines a target tentpezaof the polishing surface 3a that can
achieve the target polishing rate R3 from the im@lal expression shown in FIG. 4, and
operates the fluid supply system 30 during polighai the wafer W to allow the heat
exchanger 11 to change the temperature of thehpaisurface 3a to the target temperature.
As a result, the polishing rate of the wafer W d&nfrom the first polishing rate R1 to the
target polishing rate R3.

The wafer W is polished at the target polishirtg R3. When the film thickness
of the wafer W reaches the target thickness PTpdiishing of the wafer W is terminated.
At this time, the polishing time (i.e., the actpalishing time) of the wafer W coincides with
the target polishing time EP. Specifically, at #ane time that the film thickness of the
wafer W reaches the target thickness PT, the alaps®e from the start of polishing the
wafer W reaches the target polishing time EP.

The target thickness PT and the target polishing EP shown in FIG. 6 are the
same as the target thickness PT and the targethpai time EP shown in FIG. 5,
respectively. The correction point T2 for the gling rate shown in FIG. 6 is the same as
the correction point T1 for the polishing rate shaw FIG. 5, but may be different. In one

embodiment, a plurality of correction points mayse¢ within the target polishing time EP.
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The operation controller 40 may calculate targdispmg rates at these correction points,
determine target temperatures of the polishingasarBa, and change the temperature of the
polishing surface 3a to each target temperature.

According to this embodiment, the time when th@ fihickness of the wafer W
reaches the target thickness coincides with the titnen the elapsed time from the start of
polishing the wafer W reaches the target polistimg. Specifically, when a plurality of
wafers having different initial film thicknesse®aolished, the actual polishing times of the
plurality of wafers are the same and coincide Withtarget polishing time. The polishing
apparatus according to the present embodimentesamniate polishing of a plurality of
wafers at a fixed polishing time, and as a resalt, stabilize a throughput.

Next, an example of creating the relational exgaes showing the correlation
between the polishing rate and the temperaturkeopolishing surface 3a shown in FIG. 4
will be described. While the temperature of thisping surface 3a of the polishing pad 3
is kept constant by the heat exchanger 11, onenopke wafers (sample substrates) prepared
in advance is polished on the polishing surfac®f3the polishing pad 3. Each of these
sample wafers has a surface composed of the sgmeotyfilm as the film that forms the
surface of the wafer W (which is a product wafeagroduct substrate) shown in FIG. 1.
For example, the sample wafer may be a blanketrvilalienket substrate) having a surface
composed of a single film. Polishing of the sampbder is performed under the same
polishing conditions as those for the wafer W shawRIG. 1.

When the one sample wafer is polished, the operaintroller 40 calculates the
polishing rate of that sample wafer. The polishiate can be calculated by dividing a
difference between an initial film thickness of tsemple wafer and a film thickness after
polishing by a polishing time.

Further, while changing the sample wafer to béspetl from one to another of the
plurality of sample wafers and while changing #gmperature of the polishing surface 3a of
the polishing pad 3 from one to another temperatpodishing of a sample wafer and

calculation of a polishing rate are repeated. Asesult, a plurality of polishing rates
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corresponding to a plurality of temperatures offibkshing surface 3a are obtained.

FIG. 7 is a graph showing a plurality of data peispecified by the respective
polishing rates of the plurality of sample wafensl dhe corresponding temperatures of the
polishing surface 3a. Each data point DP indicatemmperature of the polishing surface
3a of the polishing pad 3 when each sample wafpolished and a polishing rate of that
sample wafer. The operation controller 40 plots gturality of data points DP on a
coordinate system. This coordinate system hastecaleaxis representing the polishing
rate and a horizontal axis representing the tertyreraf the polishing surface 3a. The
vertical axis may represent the temperature ofptiishing surface 3a, and the horizontal
axis may represent the polishing rate. The omeratontroller 40 determines an
approximate line representing the plurality of dadénts DP by performing curve fitting or
regression analysis on the plurality of data pold® on the coordinate system. This
approximate line corresponds to a relational egwasrepresenting the correlation between
the plurality of temperatures of the polishing aud 3a and the plurality of polishing rates.

FIG. 8 is a diagram for explaining another exampiecreating the relational
expression showing the correlation between theslpioly rate and the temperature of the
polishing surface 3a shown in FIG. 4. In this eglana single sample wafer prepared in
advance is polished on the polishing surface 3heopolishing pad 3 while the temperature
of the polishing surface 3a is measured by thetpaberature measuring device 39. The
heat exchanger 11 is not used. During polishindp@fsample wafer, the film thickness of
the sample wafer is measured by the film-thicksessor 7.

In this example, the adjustment of the temperatfitke polishing surface 3a by the
heat exchanger 11 is not performed. Thereforshawn in FIG. 8, the temperature of the
polishing surface 3a rises with the polishing tiofethe sample wafer. Typically, the
polishing rate of the sample wafer changes depgnaiinthe temperature of the polishing
surface 3a. Therefore, the operation controllecalfulates a plurality of polishing rates of
the sample wafer corresponding to a plurality ofigeratures of the polishing surface 3a.

Specifically, the operation controller 40 calcutatamounts of change in film thickness in
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film-thickness measurement periods MP, and divites amounts of change in film

thickness by the corresponding film-thickness mesment periods MP, respectively, to
thereby calculate multiple polishing rates. Thegderature of the polishing surface 3a
within each film-thickness measurement period M&msumed to be constant.

The operation controller 40 obtains a plurality wleasured values of the
temperature of the polishing surface 3a at the-thlitkness measurement periods MP from
the pad-temperature measuring device 39. Fulierpperation controller 40 plots, on a
coordinate system, a plurality of data points dpetby the plurality of measured values of
the temperature of the polishing surface 3a andctineesponding polishing rates. This
coordinate system is the same as the coordinatensyshown in FIG. 7. The operation
controller 40 determines an approximate line reprisg the plurality of data points by
performing curve fitting or regression analysis the plurality of data points on the
coordinate system. This approximate line corredpomo a relational expression
representing the correlation between the plurafitemperatures of the polishing surface 3a
and the plurality of polishing rates.

Measurement data of the polishing surface 3a ibmettickness data of the wafer
W obtained when the wafer W, which is a productev§broduct substrate), is polished may
be used for creating and/or updating the aboveritbestrelational expression.

As shown in FIG. 4, the polishing rate of the walé changes depending on the
temperature of the polishing surface 3a of thespolg pad 3 (i.e., the pad surface
temperature). The polishing rate may also be t&feby consumables of the polishing
apparatus. The polishing apparatus generally hplirality of consumables. Specific
examples of the consumables include the polishiiy3) a dresser, and an elastic membrane
and a retainer ring of the polishing head 1.

FIG. 9 is a schematic cross-sectional view of bsiping apparatus including a
dresser 80. For simplification of descriptionse ttemperature regulation device 5
including the heat exchanger 11 described abometishown in FIG. 9. The dresser 80 is

a device for dressing (or regenerating) the paiglsurface 3a of the polishing pad 3 after
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polishing of the wafer W or during polishing of thvafer W. The dresser 80 has a dressing
surface 80a made of abrasive grains, such as deéhpanticles. The dresser 80 presses the
dressing surface 80a against the polishing sufaad the polishing pad 3 while the dresser
80 is rotating about its axis. The polishing stef&a is slightly scraped off by the dresser
80, whereby the polishing surface 3a is regenerated

As dressing of the polishing pad 3 is repeated, dbrasive grains (diamond
particles or the like) forming the dressing surf80a gradually wear. As the wear of the
abrasive grains progresses, the dresser 80 caropmrly dress the polishing surface 3a of
the polishing pad 3, and as a result, a polishatg of a wafer changes. Moreover, as
dressing of the polishing pad 3 is repeated, thishpog pad 3 also wears (i.e., the thickness
of the polishing pad 3 decreases). As the weahefpolishing pad 3 progresses, the
properties of the polishing pad 3 change, andrasudt, a polishing rate of a wafer changes.

As shown in FIG. 9, the polishing head 1 incluéeselastic membrane (or a
membrane) 91 that forms a pressure chamber 9@ ipdishing head 1. During polishing
of the wafer W, the pressure chamber 90 is filléith & pressurized gas. A lower surface
of the elastic membrane 91 is in contact with thppen surface of the wafer W. The
pressurized gas in the pressure chamber 90 ptessesifer W against the polishing surface
3a of the polishing pad 3 via the elastic membf&he The pressing force of the wafer W
against the polishing pad 3 can be adjusted bypthesure of the gas in the pressure
chamber 90. The elastic membrane 91 is made oftari@ such as silicone rubber.
When the elastic membrane 91 is used for a loriggbef time, responsiveness (expansion
and contraction) of the elastic membrane 91 detdgs. As a result, a polishing rate of a
wafer changes.

As shown in FIG. 9, the polishing head 1 furthecludes a retainer ring 92
arranged around the elastic membrane 91. Theeetang 92, arranged around the wafer
W, presses the polishing surface 3a of the polisipad 3 while the retainer ring 92 is
rotating together with the wafer W. The retaingrgr92 has not only a function of

retaining the position of the wafer W being polighbut also a function of controlling a

23



10

15

20

25

polishing rate of an edge portion of the wafer V&ince the retainer ring 92 is brought into
sliding contact with the polishing surface 3a, tie¢éainer ring 92 gradually wears, as
polishing of a wafer is repeated. As the wearefrietainer ring 92 progresses, the force
with which the retainer ring 92 presses the potghpad 3 changes, and as a result, a
polishing rate of a wafer changes.

As described above, the polishing rate may chdngeto the change (for example,
wear) of the consumables, such as the polishing yadith time. Therefore, in one
embodiment, the operation controller 40 calculatdarget polishing rate required for an
actual polishing time (i.e., a time duration frone tstart of polishing the wafer W until the
film thickness of the wafer W reaches a targetkiinéss) to coincide with a target polishing
time. During polishing of the wafer W, the opesaticontroller 40 operates the fluid
supply system 30 to allow the heat exchanger Jddpast the temperature of the polishing
surface 3a such that a current polishing rate efvitafer W is maintained at the target
polishing rate.

Specifically, in the example shown in FIG. 5, whba polishing time reaches the
correction point T1 for the polishing rate, the i@bien controller 40 determines the target
polishing rate R2 (=SP/RT) required for an actuadisping time (i.e., a time duration from
the start of polishing the wafer W until the fililmakness of the wafer W reaches the target
thickness PT) to coincide with the target polishiinge EP. Then, the operation controller
40 calculates a current polishing rate at eactowift in time during polishing of the wafer
W, and operates the fluid supply system 30 to atlestemperature of the polishing surface
3a via the heat exchanger 11 such that the cupaishing rate coincides with the target
polishing rate R2. The current polishing rate ipdaishing rate per unit time during
polishing of the wafer. The operation controll®rean calculate the current polishing rate
from an amount of change in the film-thickness aigmceived from the film-thickness
sensor 7 and the unit time.

As can be seen from the graph shown in FIG. 4,pibleshing rate changes

depending on the temperature of the polishing serga of the polishing pad 3. Therefore,
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the operation controller 40 can maintain the targetishing rate by adjusting the
temperature of the polishing surface 3a via the¢ Brehanger 11. More specifically, the
operation controller 40 regularly or irregularlyladates the current polishing rate during
polishing of the wafer W after the correction poirt shown in FIG. 5, and controls the
temperature regulation device 5, including thedflslipply system 30 and the heat exchanger
11, so as to minimize the difference between theent polishing rate and the target
polishing rate R2. As a result of such feedbackroboperation, the polishing rate of the
wafer W is maintained at the target polishing Rize

As a result, as shown in FIG. 5, when the filnckhiess of the wafer W reaches the
target thickness PT, the polishing of the wafersNerminated. The polishing time (i.e.,
the actual polishing time) of the wafer W at tlimse coincides with the target polishing time
EP. Specifically, at the same time that the fimekness of the wafer W reaches the target
thickness PT, the elapsed time from the start G§lgog the wafer W reaches the target
polishing time EP. The same operations are peddnmthe example shown in FIG. 6.

The polishing rate basically increases as the éeatyre of the polishing surface 3a
of the polishing pad 3 increases. However, depgndn slurry and/or material of a wafer
surface to be polished, the polishing rate may edsgm as shown in FIG. 4 when the
temperature of the polishing surface 3a is too.highherefore, the operation controller 40 is
configured to operate the fluid supply system 3@dpust the temperature of the polishing
surface 3a by the heat exchanger 11 within a temtyper range that does not exceed a
predetermined upper limit temperature. The upipeit temperature is determined based
on a temperature of the polishing surface 3a tratimizes the polishing rate. In one
example, the upper limit temperature is a temperatd the polishing surface 3a that
maximizes the polishing rate. The determined upipeit temperature is stored in the
memory 110.

The previous embodiments described with referdoc&IGS. 1 to 8 may be
appropriately combined with the embodiment desdribath reference to FIG. 9. For

example, the operation controller 40 calculategalget polishing rate, determines the target
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temperature of the polishing surface 3a that caieae the target polishing rate, operates the
fluid supply system 30 during polishing of the waf# to change the temperature of the
polishing surface 3a to the target temperaturehbyhieat exchanger 11, then calculates a
current polishing rate at each of a plurality oinp®in time during polishing of the wafer W,
and operates the fluid supply system 30 to adpestémperature of the polishing surface 3a
via the heat exchanger 11 such that the curremshpad rate coincides with the target
polishing rate.

The operation controller 40 is constituted byeaist one computer. FIG. 10 is a
schematic view showing an example of a configunatibthe operation controller 40. As
shown in FIG. 10, the operation controller 40 idels the memory 110 in which a program
and data are stored, the processing device 120 asuCPU (central processing unit) or GPU
(graphics processing unit), for performing arithimedperation according to instructions
contained in the program stored in the memory ahOinput device 130 for inputting the
data, the program, and various information intortreanory 110, an output device 140 for
outputting processing results and processed dath,aacommunication device 150 for
connecting to a communication network, such asnteenet or local area network.

The memory 110 includes a main memory 111 whichadsessible by the
processing device 120, and an auxiliary memory thap stores the data and the program
therein. The main memory 111 may be a random-acnesory (RAM), and the auxiliary
memory 112 is a storage device which may be adiakddrive (HDD) or a solid-state drive
(SSD).

The input device 130 includes a keyboard and asmoand further includes a
storage-medium reading device 132 for reading tta dfom a storage medium, and a
storage-medium port 134 to which a storage medambe coupled. The storage medium
is a non-transitory tangible computer-readableagmedium. Examples of the storage
medium include optical disk (e.g., CD-ROM, DVD-RORENd semiconductor memory (e.g.,
USB flash drive, memory card). Examples of theagje-medium reading device 132

include optical drive (e.g., CD-ROM drive, DVD-ROMrive) and memory reader.
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Examples of the storage-medium port 134 include 8B The program and/or the data
stored in the storage medium is introduced intodperation controller 40 via the input
device 130, and is stored in the auxiliary mematg df the memory 110. The output
device 140 includes a display device 141 and aeori#2.

The operation controller 40 operates accordinthéoinstructions included in the
program electrically stored in the memory 110. dne embodiment, the operation
controller 40 performs the steps of: calculatingrget polishing rate required for an actual
polishing time (i.e., a time duration from the sw@ir polishing the wafer W until the film
thickness of the wafer W reaches a target thichriessoincide with a target polishing time;
determining a target temperature of the polishimfgse 3a that can achieve the calculated
target polishing rate, and operating the fluid $yggstem 30 during polishing of the wafer
W to change the temperature of the polishing sargcto the target temperature by the heat
exchanger 11. In another embodiment, the operatiotroller 40 performs the steps of:
calculating a target polishing rate required foraatual polishing time (i.e., a time duration
from the start of polishing the wafer W until thinf thickness of the wafer W reaches a
target thickness) to coincide with a target potightime; and operating the fluid supply
system 30 during polishing of the wafer W to adftsttemperature of the polishing surface
3a by the heat exchanger 11 such that a curreishpa rate of the wafer W is maintained
at the target polishing rate.

The program for causing the operation control@talperform the above steps is
stored in a non-transitory tangible computer-rebdatorage medium. The operation
controller 40 is provided with the program via th®rage medium. The operation
controller 40 may be provided with the program aiasommunication network, such as the
Internet or local area network.

The previous description of embodiments is pravitteenable a person skilled in
the art to make and use the present invention. eba@r, various modifications to these
embodiments will be readily apparent to those eliih the art, and the generic principles

and specific examples defined herein may be apmiether embodiments. Therefore, the
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be accorded the widest scope as defined by limitatf the claims.
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What is claimed is:

1. A polishing method comprising:

polishing a substrate by pressing the substrat@sica polishing surface of a
polishing pad, while regulating a temperature effiblishing surface by a heat exchanger;

calculating a target polishing rate required foaatual polishing time to coincide
with a target polishing time, the actual polishimge being a time duration from start of
polishing the substrate until a film thicknessha# substrate reaches a target thickness;

determining a target temperature of the polisBingace that can achieve the target
polishing rate; and

during polishing of the substrate, changing a &naipre of the polishing surface to

the target temperature by the heat exchanger.

2. The polishing method according to claim 1, \ehercalculating the target
polishing rate comprises:

calculating a remaining film thickness by subiragtthe target thickness from a
film thickness of the substrate at a present poitime;

calculating a remaining time by subtracting anpséa time from the target
polishing time, the elapsed time being a periotihaé from start of polishing the substrate to
the present point in time; and

dividing the remaining film thickness by the remag time, thereby calculating the

target polishing rate.

3. The polishing method according to claim 1 owBerein determining the target
temperature of the polishing surface comprisesra@éng the target temperature of the
polishing surface corresponding to the target pwigs rate based on a relational expression

indicating a correlation between polishing rate tamdperature of the polishing surface.
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4. The polishing method according to claim 3, eirethe relational expression is a
relational expression produced by:

polishing one of sample substrates on the poliskunface of the polishing pad
while keeping the temperature of the polishingaaefconstant by the heat exchanger;

calculating a polishing rate of the one samplessate;

repeating polishing of one of the sample substratel calculation of a polishing
rate of the one sample substrate, while changiagséimple substrate to be polished from
one to another of the plurality of sample substraied while changing the temperature of
the polishing surface to another temperature, ltyeobtaining a plurality of polishing rates
corresponding to a plurality of temperatures offbkshing surface; and

determining the relational expression indicatingperelation between the plurality

of temperatures of the polishing surface and theafity of polishing rates.

5. The polishing method according to claim 3, \eirethe relational expression is a
relational expression produced by:

polishing a sample substrate on the polishingasariof the polishing pad while
measuring a temperature of the polishing surface;

calculating a plurality of polishing rates of th@mple substrate corresponding to a
plurality of temperatures of the polishing surfaespectively; and

determining the relational expression indicatingperelation between the plurality

of temperatures of the polishing surface and theafity of polishing rates.

6. A polishing method comprising:

polishing a substrate by pressing the substraéénsiga polishing surface of a
polishing pad, while regulating a temperature effiblishing surface by a heat exchanger;

calculating a target polishing rate required foragtual polishing time to coincide
with a target polishing time, the actual polishimge being a time duration from start of

polishing the substrate until a film thicknessha substrate reaches a target thickness; and
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during polishing of the substrate, adjusting apgerature of the polishing surface
by the heat exchanger such that a current polisfaitegof the substrate is maintained at the

target polishing rate.

7. The polishing method according to claim 6, \ehercalculating the target
polishing rate comprises:

calculating a remaining film thickness by subiragtthe target thickness from a
film thickness of the substrate at a present poitime;

calculating a remaining time by subtracting anpséa time from the target
polishing time, the elapsed time being a periotihaé from start of polishing the substrate to
the present point in time; and

dividing the remaining film thickness by the remag time, thereby calculating the

target polishing rate.

8. The polishing method according to claim 6, wireadjusting the temperature of
the polishing surface is performed within a tempeerange that does not exceed a
predetermined upper limit temperature, the uppeit liemperature being determined based

on a temperature of the polishing surface that mizes a polishing rate of the substrate.

9. A polishing apparatus comprising:

a polishing table for supporting a polishing pad,;

a polishing head configured to polish a substrgtpressing the substrate against a
polishing surface of the polishing pad;

a heat exchanger having a heating flow passaga aadling flow passage therein,
the heat exchanger being arranged above the pajitdible;

a pad-temperature measuring device configureddasaore a temperature of the
polishing surface;

a fluid supply system having a heating-fluid sygmpe and a cooling-fluid supply
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pipe coupled to the heating flow passage and tbkngoflow passage, respectively;
a film-thickness sensor attached to the polistabig; and
an operation controller having a memory and a g®ssiog device, the memory
storing a program therein, the processing deviaegbsonfigured to perform an arithmetic
operation according to an instruction containetth@program,
the operation controller being configured to
calculate a target polishing rate required fomeatual polishing time to coincide
with a target polishing time, the actual polishimge being a time duration from start of
polishing the substrate until a film thicknessha# substrate reaches a target thickness,
determine a target temperature of the polisbiunface that can achieve the target
polishing rate, and
operate the fluid supply system during polishaigthe substrate to change a

temperature of the polishing surface to the targaperature by the heat exchanger.

10. The polishing apparatus according to clairwi8rein the operation controller
is configured to:

calculate a remaining film thickness by subtragtime target thickness from a film
thickness of the substrate at a present pointie; ti

calculate a remaining time by subtracting an e@dgsne from the target polishing
time, the elapsed time being a period of time frstart of polishing the substrate to the
present point in time; and

divide the remaining film thickness by the remiagntime to calculate the target

polishing rate.

11. The polishing apparatus according to claimr d@ wherein the operation
controller stores, in the memory, a relational esgpion indicating a correlation between
polishing rate and temperature of the polishingasa; and the operation controller is

configured to determine the target temperaturé@ipolishing surface corresponding to the
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target polishing rate based on the relational esgive.

12. The polishing apparatus according to claim wWwherein the relational
expression is a relational expression produced by:

polishing one of sample substrates on the poliskunface of the polishing pad
while keeping the temperature of the polishingaaefconstant by the heat exchanger;

calculating a polishing rate of the one samplessate;

repeating polishing of one of the sample substratel calculation of a polishing
rate of the one sample substrate, while changiagséimple substrate to be polished from
one to another of the plurality of sample substraied while changing the temperature of
the polishing surface to another temperature, ltyeobtaining a plurality of polishing rates
corresponding to a plurality of temperatures offbkshing surface; and

determining the relational expression indicatingperelation between the plurality

of temperatures of the polishing surface and tbeafity of polishing rates.

13. The polishing apparatus according to claim Wwherein the relational
expression is a relational expression produced by:

polishing a sample substrate on the polishingasariof the polishing pad while
measuring a temperature of the polishing surface;

calculating a plurality of polishing rates of th@mple substrate corresponding to a
plurality of temperatures of the polishing surfaespectively; and

determining the relational expression indicatingperelation between the plurality

of temperatures of the polishing surface and theafity of polishing rates.

14. A polishing apparatus comprising:
a polishing table for supporting a polishing pad,;
a polishing head configured to polish a substrgtpressing the substrate against a

polishing surface of the polishing pad;
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a heat exchanger having a heating flow passaga aadling flow passage therein,
the heat exchanger being arranged above the pajitdile;
a pad-temperature measuring device configureddasore a temperature of the
polishing surface;
a fluid supply system having a heating-fluid sygmpe and a cooling-fluid supply
pipe coupled to the heating flow passage and tbkngoflow passage, respectively;
a film-thickness sensor attached to the polistabig; and
an operation controller having a memory and a gssiog device, the memory
storing a program therein, the processing deviaegbsonfigured to perform an arithmetic
operation according to an instruction containetth@program,
the operation controller being configured to
calculate a target polishing rate required fomeatual polishing time to coincide
with a target polishing time, the actual polishimge being a time duration from start of
polishing the substrate until a film thicknessha substrate reaches a target thickness, and
operate the fluid supply system during polishofgthe substrate to adjust a
temperature of the polishing surface by the heethaxger such that a current polishing rate

of the substrate is maintained at the target polistate.

15. The polishing apparatus according to claimad¥erein the operation controller
is configured to:

calculate a remaining film thickness by subtragtime target thickness from a film
thickness of the substrate at a present pointie;ti

calculate a remaining time by subtracting an edgsne from the target polishing
time, the elapsed time being a period of time frstart of polishing the substrate to the
present point in time; and

divide the remaining film thickness by the remiagntime to calculate the target

polishing rate.
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16. The polishing apparatus according to claimof45, wherein the operation
controller is configured to allow the heat excharnigeadjust the temperature of the polishing
surface within a temperature range that does noteek a predetermined upper limit
temperature, the upper limit temperature beingraeted based on a temperature of the

polishing surface that maximizes a polishing rétie substrate.
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