10

15

20

25

POLISHING METHOD AND POLISHING APPARATUS

BACKGROUND OF THE INVENTION
Field of the Invention:

The present invention relates to a polishing method and a polishing apparatus for
polishing a substrate, such as awafer, and more particularly to a method and an apparatus for
polishing the substrate by pressing the substrate against a polishing pad on a polishing table
with a polishing head while causing oscillation of the polishing head.

Description of the Related Art:

With a recent trend toward higher integration and higher density in semiconductor
devices, circuit interconnects become finer and finer and the number of levels in multilayer
interconnect isincreasing.  In the process of achieving the multilayer interconnect structure
with finer interconnects, film coverage of step geometry (or step coverage) is lowered
through thin film formation as the number of interconnect levels increases, because surface
steps grow while following surface irregularities on a lower layer. Therefore, in order to
fabricate the multilayer interconnect structure, it is necessary to improve the step coverage
and planarize the surface in an appropriate process. Further, since finer optical lithography
entails shallower depth of focus, it is necessary to planarize surfaces of semiconductor
device so that irregularity steps formed thereon fall within a depth of focus in optica
lithography.

Accordingly, in a manufacturing process of the semiconductor devices, a
planarization technique for a surface of the semiconductor device is becoming more
important. The most important technique in this surface planarization is chemica
mechanical polishing (CMP). This chemical mechanical polishing (which will be
hereinafter called CMP) is a process of polishing a substrate, such as awafer, by placing the
substrate in diding contact with a polishing surface of a polishing pad while supplying a
polishing liquid containing abrasive grains, such as silica (SiO,), onto the polishing surface.

As the substrate to be polished, not only a circular substrate, such as a wafer, but dso a
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square substrate, such as a printed wiring (circuit) substrate (PCB) having a dielectric
materia or wiring on the surface, exists.

A polishing apparatus for performing CMP includes a polishing table that supports
a polishing pad having a polishing surface, and a polishing head for holding the substrate.
In such a polishing apparatus, the polishing table and the polishing head are relatively moved,
and the substrate is pressed against the polishing surface of the polishing pad by the
polishing head while a polishing liquid, such as a durry, is supplied onto the polishing
surface of the polishing pad. A surface of the substrate is in diding contact with the
polishing surface in the presence of the polishing liquid, so that the surface of the substrate is
polished to a flat and mirror surface by a chemica action of the polishing liquid and a
mechanical action of abrasive grains contained in the polishing liquid.

The substrate, such as a wafer, has a multilayered structure composed of different
materials, such as semiconductor, conductor, and dielectric material. A frictional force that
acts between the substrate and the polishing pad changes depending on a materia of the
surface, to be polished, of the substrate.  Therefore, a conventional method for determining
apolishing end point includes detecting a change in the frictional force caused by atransition
of a material of the surface, to be polished, of the substrate to a different material, and
determining the polishing end point based on a point in time at which the frictional force
changes. The frictional force acts at a position away from a center of rotation (axis) of the
polishing table. Therefore, the change in the frictional force can be detected as a change in
torque for rotating the polishing table.  When a device for rotating the polishing table is an
el ectric motor, the torque can be measured as a current flowing into the el ectric motor.
Citation List
Patent Literature

Patent document 1. Japanese laid-open patent publication No. 8-197417

Patent document 2: Japanese laid-open patent publication No. 2008-110471

In the above-described polishing apparatus, the substrate may be polished while the
polishing head oscillates (or reciprocates) along the polishing surface of the polishing pad
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from a viewpoint of improvement of polishing performance and productivity, etc. FIG. 9
is a diagram showing a change in the torque for rotating the polishing table when the
substrate is polished with no oscillation of the polishing head. In the example shown in
FIG. 9, as the polishing of the substrate progresses, the torque for rotating the polishing table
gradually decreases, until the torque becomes constant at about 80 seconds (point A in the
figure). Thisindicatesthat amateria of the surface to be polished has changed at about 80
seconds. Therefore, the polishing end point can be determined based on a point in time at
which the torque becomes constant (i.e., the point A in the figure).

FIG. 10 is adiagram showing a change in the torque for rotating the polishing table
when a substrate equivaent to the substrate in FIG. 9 is polished while the polishing head is
oscillating along the polishing surface of the polishing pad. When the polishing head is
oscillating along the polishing surface of the polishing pad, the position on the polishing pad
at which the frictiona force acts changes. A torque required to rotate the polishing table at
a constant speed changes depending on a distance from the axis of the polishing table to a
position where the frictional force acts (i.e., a position of the polishing head). Therefore, as
shown in FIG. 10, when the polishing head is oscillating during polishing of the substrate,

the torque fluctuates greatly, and the polishing end point may not be accurately determined.

SUMMARY OF THE INVENTION

Therefore, the present invention provides a polishing method and a polishing
apparatus capable of accurately determining a polishing end point of a substrate while
including a process of causing a polishing head to oscillate aong a polishing surface of a
polishing pad.

In an embodiment, there is provided a method of polishing a substrate, comprising:
rotating a polishing table supporting a polishing pad; and polishing the substrate by pressing
the substrate against a polishing surface of the polishing pad by a polishing head, wherein
polishing the substrate includes: an oscillation polishing process of polishing the substrate

while causing the polishing head to oscillate dong the polishing surface; and a datic
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polishing process of polishing the substrate with the oscillation of the polishing head stopped,
the static polishing process is performed after the oscillation polishing process, and the Static
polishing process comprises determining a static polishing end point which isa point in time
at which arate of change of torque for rotating the polishing table has reached a change-rate
threshold value.

In an embodiment, polishing the substrate comprises an oscillation stop operation
which stops the oscillation of the polishing head after the torque has reached a preset torque
threshold value or after a current polishing time has reached a preset oscillation polishing
time.

In an embodiment, the oscillation stop operation comprises stopping the oscillation
of the polishing head when the polishing head is a a preset stop position above the polishing
table.

In an embodiment, determining the satic polishing end point comprises
determining the static polishing end point which is a point in time at which the rate of
change decreases to reach the change-rate threshold value.

In an embodiment, determining the satic polishing end point comprises
determining the static polishing end point which is a point in time at which the rate of
change increases to reach the change-rate threshold value.

In an embodiment, polishing the substrate further comprises a finish polishing
process performed after the satic polishing process, and the finish polishing process
comprises determining a finish polishing end point which isapoint in time at which afinish
polishing time has eapsed, the finish polishing time is determined based on the dtatic
polishing end point.

In an embodiment, the finish polishing process comprises polishing the substrate
while causing the polishing head to oscillate along the polishing surface.

In an embodiment, the polishing head is on an axis of the polishing table while the
polishing head is oscillating.

In an embodiment, there is provided a method of polishing a substrate, comprising:
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rotating a polishing table supporting a polishing pad; and polishing the substrate by pressing
the substrate against a polishing surface of the polishing pad by a polishing head while
causing the polishing head to oscillate dong the polishing surface, wherein polishing the
substrate includes: measuring a torque for rotating the polishing table while polishing the
substrate; determining a plurality of representative values of the torque from a plurality of
measured vaues of the torque; generating a relational expression expressing relationship
between the plurdity of representative vaues of the torque and polishing time, and
determining a first polishing end point which isapoint in time at which a predicted value of
the torque, calculated from the relationa expression, reaches atorque threshold value.

In an embodiment, the plurality of representative values of the torque are a plurality
of loca minimum values of the torque, a pluraity of local maximum vaues of the torque, or
aplurdity of moving average values of the torque.

In an embodiment, polishing the substrate comprises determining a second
polishing end point which is a point in time at which afinish polishing time has elapsed, the
finish polishing time is determined based on the first polishing end point.

In an embodiment, the polishing head is on an axis of the polishing table while the
polishing head is oscillating.

In an embodiment, there is provided a polishing apparatus for polishing a substrate,
comprising: a polishing table for supporting a polishing pad; a table motor configured to
rotate the polishing table; a torque measuring device configured to measure a torque for
rotating the polishing table; a polishing head configured to polish the substrate by pressing
the substrate against a polishing surface of the polishing pad; a polishing-head oscillation
arm coupled to the polishing head; an oscillation motor coupled to the polishing-head
oscillation arm and configured to cause the polishing head to oscillate along the polishing
surface; and an operation controller configured to control an operation of the polishing
apparatus, wherein the operation controller is configured to: instruct the polishing apparatus
to perform an oscillation polishing process of polishing the substrate while rotating the

polishing table and causing the polishing head to oscillate aong the polishing surface;
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instruct the polishing apparatus to perform, after the oscillation polishing process, a static
polishing process of polishing the substrate while rotating the polishing table with the
oscillation of the polishing head stopped, and determine a static polishing end point which is
a point in time at which a rate of change of the torque for rotating the polishing table has
reached a change-rate threshold val ue during the static polishing process.

In an embodiment, the operation controller is configured to instruct the oscillation
motor to stop the oscillation of the polishing head after the torque has reached a preset torque
threshold value or after a current polishing time has reached a preset oscillation polishing
time.

In an embodiment, the operation controller is configured to instruct the oscillation
motor to stop the oscillation of the polishing head when the polishing head is at a preset stop
position above the polishing table.

In an embodiment, the operation controller is configured to: instruct the polishing
apparatus to perform, after the static polishing process, a finish polishing process of
polishing the substrate while rotating the polishing table; and determine a finish polishing
end point during the finish polishing process, the finish polishing end point is a point in time
at which afinish polishing time has e apsed, the finish polishing time is determined based on
the static polishing end point.

In an embodiment, the polishing head is on an axis of the polishing table.

In an embodiment, there is provided a polishing apparatus comprising: a polishing
table for supporting a polishing pad; a table motor configured to rotate the polishing table; a
torque measuring device configured to measure a torque for rotating the polishing table; a
polishing head configured to press a substrate against a polishing surface of the polishing
pad; a polishing-head oscillation arm coupled to the polishing head; an oscillation motor
coupled to the polishing-head oscillation arm and configured to cause the polishing head to
oscillate dong the polishing surface; and an operation controller configured to acquire a
plurality of measured values of the torque from the torque measuring device, determine a

plurality of representative values of the torque from a plurality of measured vaues of the
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torque, generate a relational expresson expressing relationship between the plurality of
representative values of the torque and polishing time, and determine a first polishing end
point which is a point in time a which a predicted vaue of the torque, calculated from the
relational expression, reaches atorque threshold value.

In an embodiment, the plurality of representative values of the torque are a plurality
of loca minimum values of the torque, a pluraity of local maximum vaues of the torque, or
aplurdity of moving average values of the torque.

In an embodiment, the operation controller is configured to determine a second
polishing end point which is a point in time at which afinish polishing time has elapsed, the
finish polishing time is determined based on the first polishing end point.

In an embodiment, the polishing head is on an axis of the polishing table.

According to the present invention, the polishing apparatus polishes the substrate
while causing the polishing head to oscillate, then stops the oscillation of the polishing head,
and determines the static polishing end point which is a point in time at which the rate of
change of the torque for rotating the polishing table has reached the change-rate threshold
value while polishing the substrate with the oscillation of the polishing head stopped.

Further, the polishing apparatus caculates the predicted value of the torque based
on the plurality of measured values of the torque, and determines the first polishing end point
which is a point in time at which the predicted value reaches the torque threshold vaue
based on the predicted value.

As aresult, a polishing end point can be accurately determined based on the static

polishing end point or the first polishing end point.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 isaschematic view showing an embodiment of a polishing apparatus,
FIG. 2 isacross-sectiona view of apolishing head shown in FIG. 1;
FIG. 3 isatop view of a state in which the polishing head is oscillating along a

polishing surface;
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FIG. 4 is aflowchart showing an embodiment of a method of polishing a substrate
and an embodiment of amethod of determining a polishing end point of the substrate;

FIG. 5 is a flowchart showing an embodiment of the method of polishing the
substrate and an embodiment of the method of determining the polishing end point of the
substrate;

FIG. 6 is a diagram showing an example of a change in torque for rotating a
polishing tablein steps 1-1 to 1-12;

FIG. 7 is a flowchart showing another embodiment of a method of polishing the
substrate and another embodiment of a method of determining the polishing end point of the
substrate;

FIG. 8 is a diagram showing a relationship between the torque for rotating the
polishing table and afirst polishing end point;

FIG. 9 isadiagram showing a change in torque for rotating a polishing table when
asubstrate is polished with no oscillation of a polishing head; and

FIG. 10 is adiagram showing a change in the torque for rotating the polishing table
when a substrate equivaent to the substrate in FIG. 9 is polished while the polishing head is

oscillating along a polishing surface of a polishing pad.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention will be described in detail below with
reference to the drawings. FIG. 1 is a schematic view showing an embodiment of a
polishing apparatus. A polishing apparatus 1 shown in FIG. 1 is suitably used as a
polishing apparatus for polishing a quadrangular substrate.

As shown in FIG. 1, the polishing apparatus 1 includes a polishing head 10 for
holding and rotating a substrate W, a polishing table 3 for supporting a polishing pad 2
thereon, atable motor 8 for rotating the polishing table 3, a polishing-head oscillation arm 16
coupled to an upper end of a support shaft 14, a polishing-head shaft 12 attached to a free

end of the polishing-head oscillation arm 16, and an operation controller 7 for controlling an
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operation of each device of the polishing apparatus 1. The polishing-head oscillation arm
16 is located above the polishing table 3, and is disposed in paralldl with a polishing surface
2a of the polishing pad 2. The substrate W of this embodiment is a quadrangular substrate,
such as a printed wiring (circuit) substrate (PCB) having adielectric material or wiring on its
surface.  The polishing head 10 has a quadrangular shape. The shapes of the substrate W
and the polishing head 10 are not limited to this embodiment. In one embodiment, the
substrate W may be a circular wafer and the polishing head 10 may be circular in shape.
The polishing head 10 is coupled to a lower end of the polishing-head shaft 12, and is
configured to be able to hold the substrate W on alower surface thereof by vacuum suction.
The polishing-head oscillation arm 16 is coupled to the polishing head 10 through the
polishing-head shaft 12, and the polishing head 10 is supported by the polishing-head
oscillation arm 16.

The operation controller 7 is constituted by at least one computer. The operation
controller 7 includes a memory 7a storing programs therein, and an arithmetic device 7b that
performs arithmetic operations according to instructions contained in the programs. The
arithmetic device 7b includes a CPU (central processing unit), a GPU (graphics processing
unit), or the like that performs the arithmetic operations according to the instructions
contained in the programs stored in the memory 7a. The memory 7a includes a main
memory (for example, a random-access memory) accessible by the arithmetic device 7b, and
an auxiliary memory (for example, a hard-disk drive or a solid-dtate drive) that stores data
and programstherein.

The polishing apparatus 1 further includes a polishing-head rotating motor 13
coupled to the polishing-head shaft 12. In this embodiment, the polishing-head rotating
motor 13 is disposed inside the polishing-head oscillation arm 16, while in one embodiment,
the polishing-head rotating motor 13 may be disposed outside the polishing-head oscillation
am 16. Specificaly, the polishing-head rotating motor 13 may be disposed above the
polishing-head oscillation arm 16, and a rotating shaft of the polishing-head rotating motor
13 may extend through the polishing-head oscillation arm 16 and may be coupled to the
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polishing-head shaft 12.

The polishing-head shaft 12 is configured to be rotatable by the polishing-head
rotating motor 13. Dueto the rotation of this polishing-head shaft 12, the polishing head 10
rotates about the polishing-head shaft 12 in a direction indicated by an arrow in the figure.
The polishing-head shaft 12 is coupled to an elevating device (not shown). The polishing
head 10 is dlevated and lowered by the elevating device through the polishing-head shaft 12.

The polishing apparatus 1 further includes an oscillation motor 15 coupled to the
polishing-head oscillation arm 16.  In this embodiment, the oscillation motor 15 is disposed
insde the support shaft 14. The polishing-head oscillation arm 16 is configured to be
rotatable around the support shaft 14 by the oscillation motor 15. The polishing head 10
moves between a position (not illustrated) for receiving the substrate W and a position above
the polishing table 3 with the pivoting motion of the polishing-head oscillation arm 16. In
one embodiment, the polishing-head oscillation arm 16 may be fixed to the support shaft 14
and the oscillation motor 15 may be coupled to the support shaft 14.

The polishing pad 2 is attached to an upper surface of the polishing table 3, and the
polishing pad 2 is configured to rotate together with the polishing table 3. An upper surface
of the polishing pad 2 provides a polishing surface 2a for polishing the substrate W. The
polishing table 3 is coupled to the table motor 8 arranged below the polishing table 3
through atable shaft 3a.  The polishing table 3 is configured to be rotatable around the table
shaft 3a by the table motor 8 in a direction indicated by an arrow. More specificaly, an
axis CP of the polishing table 3 and an axis of the table shaft 3a coincide with each other,
and the polishing table 3 rotates about the axis CP. An example of the table motor 8 may
include a variable-speed motor having an inverter.

The polishing apparatus 1 further includes a torque measuring device 9 for
measuring a torque for rotating the polishing table 3. The torque measuring device 9 is
coupled to the table motor 8. During polishing of the substrate W, the polishing table 3 is
driven by the table motor 8 so as to rotate at a constant speed. Therefore, when a torque

required to rotate the polishing table 3 at the constant speed changes, a drive current for the

10
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table motor 8 changes.

The torque for rotating the polishing table 3 is a moment of force for rotating the
polishing table 3 around its axis CP. The torque for rotating the polishing table 3
corresponds to the drive current for the table motor 8. Therefore, in this embodiment, the
torque measuring device 9 is a current measuring device for measuring the drive current for
the table motor 8. In one embodiment, the torque measuring device 9 may be congtituted
by at least a part of a motor driver for driving the table motor 8. In this case, the motor
driver determines a current value necessary for rotating the polishing table 3 at a constant
speed, and outputs the determined current value.  The determined current value corresponds
to the torque for rotating the polishing table 3.  In one embodiment, the torque measuring
device 9 may be a torque measuring device configured to directly measure the torque for
rotating the polishing table 3 around its axis CP.

The polishing apparatus 1 further includes a dresser 30 for conditioning the
polishing pad 2, a dressing-liquid supply nozzle 5 for supplying a dressing liquid to the
polishing pad 2, and an atomizer 33 for gecting aliquid, or afluid mixture of aliquid and a
gas toward the polishing pad 2. An example of the dressing liquid may include pure water.
Theliquid gected from the atomizer 33 may be, for example, pure water, and the gas g ected
from the atomizer 33 may be, for example, nitrogen gas.

A polishing-liquid supply passage 39 for supplying a polishing liquid is provided in
the polishing table 3 and the table shaft 3a.  One end of the polishing-liquid supply passage
39 isin fluid communication with a polishing-liquid supply hole 36 formed in the surface of
the polishing table 3, and the other end is coupled to a polishing-liquid supply source (not
shown). At aposition corresponding to the polishing-liquid supply hole 36 of the polishing
table 3, a polishing-liquid supply hole 37 is formed in the polishing pad 2. During
polishing of the substrate W, the polishing liquid flows through the polishing-liquid supply
passage 39 and the polishing-liquid supply hole 36, and is supplied from the polishing-liquid
supply hole 37 to the polishing surface 2a of the polishing pad 2. An example of the
polishing liquid may include Slurry containing abrasive grains.  Although FIG. 1 shows one

11
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set of polishing-liquid supply holes 36 and 37, the polishing apparatus 1 may include a
plurality of sets of polishing-liquid supply holes 36 and 37. The polishing-liquid supply
holes 36 and 37 are arranged on the axis CP of the polishing table 3 or near the axis CP.

FIG. 2 is a cross-sectiona view of the polishing head 10 shown in FIG. 1. The
polishing head 10 includes an elastic membrane 45 for pressing the substrate W against the
polishing surface 2a of the polishing pad 2, a head body 11 holding the elastic membrane 45,
and a retainer member 20 disposed below the head body 11. The eastic membrane 45 is
attached to a lower part of the head body 11. The head body 11 is fixed to the end of the
polishing-head shaft 12. The head body 11, the elastic membrane 45, and the retainer
member 20 are configured to rotate together by the rotation of the polishing-head shaft 12.
The retainer member 20 is configured to be verticaly movable relative to the head body 11.
The head body 11 of this embodiment has a quadrangular shape and is made of aresin, such
as engineering plastic (for example, PEEK).

A lower surface of the elastic membrane 45 provides a substrate pressing surface
45a for pressing the substrate W against the polishing surface 2a of the polishing pad 2.
The retainer member 20 is disposed so as to surround the substrate pressing surface 45a.
The substrate W is surrounded by the retainer member 20. A pressure chamber (or an
airbag) P1 is provided between the eastic membrane 45 and the head body 11. The
pressure chamber Pl is formed by the eastic membrane 45 and the head body 11.
Pressurized fluid, such as pressurized air, is supplied into the pressure chamber P1 through a
fluid passage 46, or the pressure chamber P1 is evacuated.

In the embodiment shown in FIG. 2, the pressure chamber P1 is formed over an
entire upper surface of the substrate W.  In one embodiment, the elastic membrane 45 and
the head body 11 may form a plurality of pressure chambers. In the case where such a
plurality of pressure chambers are formed, a fluid passage which communicates with each
pressure chamber may be provided so that a pressure in each pressure chamber is controlled
independently. The elastic membrane 45 is made of a rubber material having excellent

strength and durability, such as ethylene propylene rubber (EPDM), polyurethane rubber, or
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silicone rubber.

The retainer member 20 is arranged around the elastic membrane 45, and the
retainer member 20 is placed in contact with the polishing surface 2a of the polishing pad 2
during polishing of the substrate W. The retainer member 20 is arranged so as to surround
the periphera edge of the substrate W, and prevents the substrate W from coming off from
the polishing head 10 during polishing of the substrate W. The retainer member 20 of this
embodiment has a quadrangular annular shape corresponding to the quadrangular substrate
W, but the shape of the retainer member 20 is not limited to the shape of this embodiment.
The retainer member 20 may be made of a highly rigid resin material, ceramics, or thelike.

An annular elastic bag 49 is arranged between the retainer member 20 and the head
body 11. A pressure chamber Pr isformed insde the elastic bag 49. The retainer member
20 is vertically movable relative to the head body 11 by expansion/contraction of the elastic
bag 49. The eastic bag 49 expands to press a lower surface of the retainer member 20
against the polishing surface 2a of the polishing pad 2.

A fluid passage 50 isin fluid communication with the pressure chamber Pr, so that
pressurized fluid, such as pressurized air, is supplied into the pressure chamber Pr through
the fluid passage 50. The internal pressure of the pressure chamber Pr is adjustable.
Therefore, a pressing force of the retainer member 20 against the polishing pad 2 can be
adjusted independently of a pressing force of the substrate W against the polishing pad 2.
The eastic bag 49 of this embodiment has a quadrangular annular shape corresponding to
the quadrangular substrate W, but the shape of the elastic bag 49 is not limited to the shape
of this embodiment. In one embodiment, the polishing head 10 may include a plurality of
retainer members 20 and aplurality of elastic bags49. In this case, a pressing force of each
retainer member 20 against the polishing pad 2 is independently adjustable by each elastic
bag 49. When the substrate W is polygonal, a pluraity of retainer members 20 and a
plurality of elastic bags 49 may be provided for independently adjusting each side and/or
each corner.

The elevating device (not shown), the polishing-head rotating motor 13, the

13
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oscillation motor 15, the table motor 8, and the torque measuring device 9 are eectricaly
connected to the operation controller 7. Operations of the eevating device (not shown), the
polishing-head rotating motor 13, the oscillation motor 15, the table motor 8, and the torque
measuring device 9 are controlled by the operation controller 7.

The substrate W is polished asfollows.  While the polishing head 10 is rotated and
the polishing table 3 is rotated together with the polishing pad 2, the polishing liquid (durry)
is supplied from the polishing-liquid supply hole 37 onto the polishing surface 2a of the
polishing pad 2. The polishing head 10 is lowered by the elevating device (not shown) to a
predetermined position (i.e., a polishing height). When a compressed gas is supplied into
the pressure chamber P1 of the polishing head 10 at the predetermined position (polishing
height), the elastic membrane 45 is inflated to press the substrate W against the polishing
surface 2a of the polishing pad 2. The compressed gas is aso supplied into the pressure
chamber Pr, so that the eastic bag 49 presses the retainer member 20 against the polishing
surface 2a of the polishing pad 2.

The polishing head 10 and the polishing table 3 (and the polishing pad 2) rotate in
the same direction as indicated by the arrows in FIG. 1, and in this state, the polishing head
10 presses the substrate W against the polishing surface 2a of the polishing pad 2. With the
durry present on the polishing surface 2a of the polishing pad 2, the substrate W is placed in
diding contact with the polishing surface 2a of the polishing pad 2. The surface of the
substrate W is polished by a combination of a chemica action of chemica components of
the durry and a mechanical action of abrasive grains contained in the dlurry.

During polishing of the substrate W, the operation controller 7 instructs the
oscillation motor 15 to cause the polishing head 10 to oscillate along the polishing surface 2a.
FIG. 3isatop view of astate in which the polishing head 10 is caused to oscillate dong the
polishing surface 2a. The polishing head 10 shown in FIG. 3 is rotating about the
polishing-head shaft 12. The operation controller 7 instructs the oscillation motor 15 to
rotate by a predetermined angle aternately clockwise and counterclockwise, so that the

polishing head 10 rotates and reciprocates around the support shaft 14 through the polishing-
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head oscillation arm 16. As a result, the polishing head 10 oscillates aong the polishing
surface 2a.

The polishing head 10 of the present embodiment is configured to be able to hold a
substrate having a relaively large size. Therefore, as shown in FIG. 3, the size of the
polishing head 10 relative to the polishing table 3 islarge. During polishing, the polishing
head 10 is located on the axis CP of the polishing table 3.  In such an arrangement, if the
polishing liquid is supplied to the polishing surface 2a from above the polishing pad 2, the
polishing liquid may not be supplied to the entire surface, to be polished, of the substrate W
held by the polishing head 10. Therefore, in this embodiment, the polishing liquid is
supplied from the polishing-liquid supply hole 37 on the axis CP or near the axis CP in order
to supply the polishing liquid to the entire surface, to be polished, of the substrate W.
Further, in order to uniformly supply the polishing liquid to the entire surface, to be polished,
of the substrate W, the polishing apparatus 1 polishes the substrate W while causing the
polishing head 10 to oscillate along the polishing surface 2a.  During the oscillation of the
polishing head 10, the polishing head 10 and the substrate W are on the axis CP of the
polishing table 3.

When the polishing of the substrate W is terminated, the polished substrate W is
removed from the polishing head 10 and conveyed to the next step.  After polishing of the
substrate W, the polishing surface 2a of the polishing pad 2 is dressed by the dresser 30.
The dresser 30 scrapes off the polishing pad 2 dightly to regenerate the polishing surface 2a.
The polishing head 10 holds a new substrate, and the new substrate is similarly polished.
In thisway, the polishing of the substrate is repeated.

A polishing end point of the substrate is determined based on the change in the
torque for rotating the polishing table 3. As described above, in this embodiment, the
torque for rotating the polishing table 3 corresponds to the drive current for the table motor 8.
The operation controller 7 determines the polishing end point of the substrate based on the
changein the drive current for the table motor 8.

Details of the method of polishing the substrate and the method of determining the

15



10

15

20

25

polishing end point of the substrate will be described below. FIGS. 4 and 5 are flowcharts
showing an embodiment of the method of polishing the substrate and an embodiment of the
method of determining the polishing end point of the substrate.

In steps 1-1 to 1-4, the polishing apparatus 1 performs an oscillation polishing
process. In this specification, the oscillation polishing process is defined as a process of
polishing a substrate while rotating the polishing table 3 and causing the polishing head 10 to
oscillate aong the polishing surface 2a.

In step 1-1, the polishing apparatus 1 starts the oscillation polishing process.
Specificaly, the table motor 8 rotates the polishing table 3 together with the polishing pad 2
at a constant rotation speed, and the polishing head 10 rotates the substrate W at a constant
rotation speed. While the oscillation motor 15 causes the polishing head 10 to oscillate
along the polishing surface 2a under certain conditions, the polishing head 10 presses the
substrate W against the polishing surface 2a of the polishing pad 2 under certain conditions
to polish the substrate W. At the same time, the retainer member 20 may be pressed against
the polishing surface 2a of the polishing pad 2 during polish of the substrate W.

In step 1-2, while the polishing head 10 polishes the substrate W on the polishing
pad 2, the torque measuring device 9 measures the torque for rotating the polishing table 3
(i.e., thedrive current for the table motor 8).

In step 1-3, the operation controller 7 acquires a measured value of the torque from
the torque measuring device 9 and compares the measured value of the torque with a preset
torque threshold value. The measured vaue of the torque represents a torque required to
rotate the polishing table 3 at a constant speed. When the measured vaue of the torque
does not reach the torque threshold value, the operation controller 7 instructs the polishing
apparatus 1 to continue the oscillation polishing process. After the measured value of the
torque has reached the torque threshold value, the operation controller 7 instructs the
oscillation motor 15 to stop the oscillation of the polishing head 10 (step 1-4). Asaresult,
the polishing apparatus 1 terminates the oscillation polishing process.

In this embodiment, the substrate W as an object to be polished has a structure in
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which the torque for rotating the polishing table 3 decreases as the polishing of the substrate
W progresses (the frictional force acting between the polishing pad 2 and the substrate W
decreases). Therefore, in this embodiment, when the measured value of the torqueis larger
than the torque threshold value, the operation controller 7 instructs the polishing apparatus 1
to continue the oscillation polishing process. When the measured vaue of the torque is
equa to or smaler than the torque threshold value, the operation controller 7 instructs the
oscillation motor 15 to stop the oscillation of the polishing head 10.

In one embodiment, the substrate W as an object to be polished may have a
structure in which the torque for rotating the polishing table 3 increases as the polishing of
the substrate W progresses (the frictional force acting between the polishing pad 2 and the
substrate W increases).  In this case, when the measured value of the torque is smaller than
the torque threshold vaue, the operation controller 7 instructs the polishing apparatus 1 to
continue the oscillation polishing process. When the measured value of the torque is equa
to or larger than the torque threshold value, the operation controller 7 instructs the oscillation
motor 15 to stop the oscillation of the polishing head 10.

Hereinafter, in this specification, the operation of stopping the oscillation of the
polishing head 10 after the measured value of the torque has reached the preset torque
threshold value is referred to as an oscillation stop operation. In this embodiment, the
oscillation stop operation is performed when the polishing head 10 is at a preset stop position
above the polishing table 3.  As described above, the torque required to rotate the polishing
table 3 changes depending on the position of the polishing head 10 with respect to the
polishing pad 2. When the position of the polishing head 10 at which a static polishing
process (which will be described later) is performed is different for each substrate, a static
polishing end point described later will vary. Therefore, stopping the polishing head 10 at
the same stop position can prevent a variation in the static polishing end point in the static
polishing process.

In one embodiment, in step 1-3, the operation controller 7 may compare a current

polishing time with a preset oscillation polishing time, instead of comparing the measured
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value of the torque with the preset torque threshold value. When the current polishing time
does not reach the oscillation polishing time, the operation controller 7 instructs the
polishing apparatus 1 to continue the oscillation polishing process. After the current
polishing time has reached the oscillation polishing time, the operation controller 7 instructs
the oscillation motor 15 to stop the oscillation of the polishing head 10 (step 1-4). In this
case, the oscillation stop operation is an operation of stopping the oscillation of the polishing
head 10 after the current polishing time has reached the oscillation polishing time.

In steps 1-5 to 1-9, after the oscillation stop operation, the operation controller 7
instructs the polishing apparatus 1 to perform the satic polishing process. In this
specification, the static polishing process is defined as a process of polishing the substrate
while rotating the polishing table 3 with the oscillation of the polishing head 10 stopped.

In step 1-5, the polishing apparatus 1 starts the static polishing process. The static
polishing process is different from the oscillation polishing process in that the polishing head
10 is not oscillating. Other operations are the same as those of the oscillation polishing
process. Specificaly, the polishing head 10, whose oscillation is stopped by the oscillation
stop operation, polishes the substrate W by pressing the substrate W against the polishing
surface 2a of the polishing pad 2 rotated together with the polishing table 3 while the
polishing head 10 is rotating the substrate W. The position of the polishing head 10 in the
static polishing process is the preset stop position discussed previoudy. The oscillation
polishing process and the static polishing process are performed substantialy sequentially.

In steps 1-6, the torque measuring device 9 measures the torque for rotating the
polishing table 3 (i.e., measures the drive current for the table motor 8) while the polishing
head 10 polishes the substrate W.

In step 1-7, the operation controller 7 acquires a measured value of the torque from
the torque measuring device 9, and calculates a rate of change of the torque with respect to
polishing time (i.e., arate of change of the torque) based on the measured value of the torque.

In step 1-8, the operation controller 7 compares the rate of change of the torque

with a change-rate threshold value. When the rate of change of the torque does not reach
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the change-rate threshold value, the operation controller 7 instructs the polishing apparatus 1
to continue the static polishing process.

In step 1-9, the operation controller 7 determines the static polishing end point
which is a point in time at which the rate of change of the torque reaches the change-rate
threshold value. Thereafter, the operation controller 7 instructs the polishing apparatus 1 to
terminates the static polishing process.  In the static polishing process, the oscillation of the
polishing head 10 has been stopped. Therefore, the fluctuation of the torque according to
the position of the polishing head 10 can be removed, and the operation controller 7
accurately determines the static polishing end point.

In this embodiment, the substrate W to be polished has a structure in which the rate
of change of the torque decreases as the static polishing process progresses. Therefore, in
this embodiment, when the rate of change of the torque is larger than the change-rate
threshold value, the operation controller 7 instructs the polishing apparatus 1 to continue the
static polishing process. The operation controller 7 determines the static polishing end
point which isapoint in time at which the rate of change of the torque decreases to reach the
change-rate threshold value.

In one embodiment, the substrate W to be polished has a structure in which the rate
of change of the torque increases as the static polishing process progresses. In this case,
when the rate of change of the torque is smaller than the change-rate threshold value, the
operation controller 7 instructs the polishing apparatus 1 to continue the static polishing
process. The operation controller 7 determines a static polishing end point which is a point
in time at which the rate of change of the torque increases to reach the change-rate threshold
vaue.

In steps 1-10 to 1-12, after the Static polishing process, the operation controller 7
instructs the polishing apparatus 1 to perform afinish polishing process.  In the polishing of
the substrate W having the structure in which the rate of change of the torque decreases as
the static polishing process progresses, the frictional force acting between the polishing pad

2 and the substrate W does not change significantly (i.e., the torque for rotating the polishing
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table 3 does not change significantly) after the static polishing end point has elapsed. This
static polishing end point indicates a point in time a which the material of the polished
surface of the substrate W has changed.  Also in the polishing of the substrate W having the
structure in which the rate of change of the torque increases as the static polishing process
progresses, the static polishing end point indicates apoint in time at which the materia of the
polished surface of the substrate W has changed. The flatness of the surface to be polished
can be improved by performing the finish polishing process of further polishing the substrate
W even after the static polishing end point has el apsed.

In step 1-10, the polishing apparatus 1 starts the finish polishing process. The
finish polishing process is substantialy the same operaion as the oscillation polishing
process. Specificaly, while the oscillation motor 15 causes the polishing head 10 to
oscillate aong the polishing surface 2a, the polishing head 10 rotates the substrate W and
presses the substrate W against the polishing surface 2a of the polishing pad 2 which rotates
together with the polishing table 3 to polish the substrate W.  In one embodiment, the finish
polishing process may be performed with the oscillation of the polishing head 10 stopped.
The dtatic polishing process and the finish polishing process are performed substantialy
sequentially.  Although the oscillation of the polishing head 10 may be stopped for an
entire time as in the static polishing process, or may be stopped non-continuously during the
finish polishing process, the flatness of the surface to be polished can be improved by the
oscillation of the polishing head 10.

In step 1-11, the operation controller 7 compares the current polishing time with a
finish polishing time. When the current polishing time does not reach the finish polishing
time, the operation controller 7 instructs the polishing apparatus 1 to continue the finish
polishing process.

In step 1-12, the operation controller 7 determines a finish polishing end point
which isapoint in time at which the current polishing time has reached the finish polishing
time. The finish polishing time is determined based on the static polishing end point.
Specificaly, the operation controller 7 determines the finish polishing time by adding a
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preset fixed time to a polishing time at the static polishing end point. The fixed time is
determined based on experiments or past polishing results. In another example, the
operation controller 7 may determine the finish polishing time by multiplying a polishing
time at the static polishing end point by a preset coefficient. After the finish polishing end
point is determined, the operation controller 7 instructs the polishing apparatus 1 to terminate
the finish polishing process, whereby the polishing of the substrate W isterminated. FIG. 6
shows an exampl e of the change in the torque for rotating the polishing table 3 in the steps 1-
1to 1-12. The example in FIG. 6 shows the change in the torque in the case where the
torque for rotating the polishing table 3 decreases as the polishing progresses.

The torque threshold value and the oscillation polishing time are determined based
on experiments or past polishing results, and are set near the static polishing end point.
This can make it possible to accurately determine the static polishing end point while
shortening a time for stopping the oscillation of the polishing head 10. As a result, the
polishing apparatus 1 can accurately determine the polishing end points such as the static
polishing end point and the finish polishing end point while maintaining polishing
performance. In order to reduce surface defects (scratches, etc.) of the substrate W, a water
polishing process may be performed in a fina stage of the finish polishing process or after
the finish polishing process. The water polishing process is a process of placing the
substrate W in diding contact with the polishing surface 2a of the polishing pad 2 with a
lowered pressing force of the polishing head 10 on the substrate W while supplying pure
water, in place of durry, to the polishing surface 2a of the polishing pad 2.

Next, another embodiment of a method of polishing the substrate and another
embodiment of a method of determining the polishing end point of the substrate will be
described. FIG. 7 is a flowchart showing another embodiment of the method of polishing
the substrate and another embodiment of the method of determining the polishing end point
of the substrate.

In step 2-1, the operation controller 7 instructs the polishing apparatus 1 to polish

the substrate W. The polishing in embodiment is performed as follows.  The table motor
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8 rotates the polishing table 3 together with the polishing pad 2 at a constant rotation speed,
and the polishing head 10 rotates the substrate W at a constant rotation speed. While the
oscillation motor 15 causes the polishing head 10 to oscillate along the polishing surface 2a
under certain conditions, the polishing head 10 presses the substrate W against the polishing
surface 2a of the polishing pad 2 under certain conditions to polish the substrate W.
Further, at the same time, the retainer member 20 may be pressed againg the polishing
surface 2a of the polishing pad 2 during polishing of the substrate W. Also in this
embodiment, the polishing head 10 and the substrate W are on the axis CP of the polishing
table 3 during the oscillation of the polishing head 10.

In step 2-2, while the polishing head 10 polishes the substrate W on the polishing
pad 2, the torque measuring device 9 measures atorque for rotating the polishing table 3 (i.e.,
measures the drive current for the table motor 8).

In step 2-3, the operation controller 7 acquires measured values of the torque from
the torque measuring device 9, and determines a plurality of representative values of the
torque from the measured values of the torque. In this embodiment, the representative
values of the torque are a pluraity of loca minimum vaues of the torque. In one
embodiment, the representative values of the torque may be a plurality of loca maximum
values of the torque or a plurdity of moving average values of the torque.

In step 2-4, the operation controller 7 generates a relational expression expressing
relationship between the representative values of the torque and polishing time.

In step 2-5, the operation controller 7 determines afirst polishing end point which is
a point in time at which a predicted value of the torque calculated from the relationa
expression reaches a preset torque threshold vaue. FIG. 8 is a diagram showing a
relationship between the torque for rotating the polishing table 3 and the first polishing end
point. The first polishing end point is a point in time at which the frictional force acting
between the polishing pad 2 and the substrate W is expected to become constant. The
torque threshold vaue is determined based on experiments or past polishing results.

In step 2-6, the operation controller 7 compares the current polishing time with the
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finish polishing time. When the current polishing time does not reach the finish polishing
time, the operation controller 7 instructs the polishing apparatus 1 to continue the finish
polishing process.

In step 2-7, the operation controller 7 determines a finish polishing end point (a
second polishing end point) which is a point in time at which the current polishing time has
reached the finish polishing time.  The finish polishing time is determined based on the first
polishing end point.  Specifically, the operation controller 7 determines the finish polishing
time by adding a preset fixed time to a polishing time at the first polishing end point. The
fixed time is determined based on experiments or past polishing results. In another
example, the operation controller 7 may determine the finish polishing time by multiplying a
polishing time at the first polishing end point by a preset coefficient. After the second
polishing end point is determined, the operation controller 7 instructs the polishing apparatus
1 to terminate the finish polishing process, whereby the polishing of the substrate W is
terminated. In order to reduce surface defects (scratches, etc.) of the substrate W, the water
polishing process may be performed in a fina stage of the finish polishing process or after
the finish polishing process. The water polishing process is a process of placing the
substrate W in diding contact with the polishing surface 2a of the polishing pad 2 with a
lowered pressing force of the polishing head 10 on the substrate W while supplying pure
water, in place of durry, to the polishing surface 2a of the polishing pad 2.

In this embodiment, the predicted value of the torque is calculated based on the
measured vaues of the torque, and the first polishing end point is determined based on the
predicted value. Therefore, in this embodiment, the first polishing end point can be
accurately determined while the polishing head 10 is oscillating.  As a result, the polishing
apparatus 1 can accurately determine the polishing end points such as the first polishing end
point and the second polishing end point while maintaining polishing performance.

The previous description of embodiments is provided to enable a person skilled in
the art to make and use the present invention. Moreover, various modifications to these

embodiments will be readily apparent to those skilled in the art, and the generic principles
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and specific examples defined herein may be applied to other embodiments.  Therefore, the
present invention is not intended to be limited to the embodiments described herein but isto

be accorded the widest scope as defined by limitation of the claims.
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What isclamedis:

1. A method of polishing a substrate, comprising:

rotating a polishing table supporting a polishing pad; and

polishing the substrate by pressing the substrate against a polishing surface of the
polishing pad by a polishing head,

wherein polishing the substrate includes:

an oscillation polishing process of polishing the substrate while causing the
polishing head to oscillate a ong the polishing surface; and

a static polishing process of polishing the substrate with the oscillation of the
polishing head stopped,

the static polishing processis performed after the oscillation polishing process, and

the datic polishing process comprises determining a static polishing end point
which is a point in time a which arate of change of torque for rotating the polishing table

has reached a change-rate threshold value.

2. The method according to claim 1, wherein polishing the substrate comprises an
oscillation stop operation which stops the oscillation of the polishing head after the torque
has reached a preset torque threshold value or after a current polishing time has reached a

preset oscillation polishing time.

3. The method according to clam 2, wherein the oscillation stop operation
comprises stopping the oscillation of the polishing head when the polishing head is a a
preset stop position above the polishing table.

4. The method according to any one of clams 1 to 3, wherein determining the

static polishing end point comprises determining the static polishing end point which is a

point in time at which the rate of change decreases to reach the change-rate threshold value.
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5. The method according to any one of clams 1 to 3, wherein determining the
static polishing end point comprises determining the static polishing end point which is a

point in time at which therate of change increases to reach the change-rate threshold value.

6. The method according to any one of clams 1 to 5, wherein polishing the
substrate further comprises a finish polishing process performed after the static polishing
process, and

the finish polishing process comprises determining a finish polishing end point
which is a point in time a which a finish polishing time has elapsed, the finish polishing
timeis determined based on the static polishing end point.

7. The method according to claim 6, wherein the finish polishing process comprises
polishing the substrate while causing the polishing head to oscillate aong the polishing

surface.

8. The method according to any one of claims 1 to 7, wherein the polishing head is
on an axis of the polishing table while the polishing head is oscillating.

9. A method of polishing a substrate, comprising:

rotating a polishing table supporting a polishing pad; and

polishing the substrate by pressing the substrate against a polishing surface of the
polishing pad by a polishing head while causing the polishing head to oscillate aong the
polishing surface,

wherein polishing the substrate includes:

measuring atorque for rotating the polishing table while polishing the substrate;

determining a plurality of representative values of the torque from a plurdity of

measured va ues of the torque;
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generating a relational expression expressing relationship between the pluraity of
representative values of the torque and polishing time; and

determining afirst polishing end point which is a point in time at which a predicted
value of the torque, calculated from the relational expression, reaches a torque threshold

vaue.

10. The method according to clam 9, wherein the plurality of representative values
of the torque are a plurdity of loca minimum values of the torque, a plurdity of local

maximum values of the torque, or a plurality of moving average values of the torque.

11. The method according to clam 9 or 10, wherein polishing the substrate
comprises determining a second polishing end point which is a point in time at which a
finish polishing time has eapsed, the finish polishing time is determined based on the first
polishing end point.

12. The method according to any one of clams 9 to 11, wherein the polishing head
is on an axis of the polishing table while the polishing head is oscillating.

13. A polishing apparatus for polishing a substrate, comprising:

apolishing table for supporting a polishing pad;

atable motor configured to rotate the polishing table;

atorque measuring device configured to measure atorque for rotating the polishing
table;

a polishing head configured to polish the substrate by pressing the substrate against
apolishing surface of the polishing pad;

apolishing-head oscillation arm coupled to the polishing head;

an oscillation motor coupled to the polishing-head oscillation arm and configured to

cause the polishing head to oscillate aong the polishing surface; and
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an operation controller configured to control an operation of the polishing apparatus,
wherein the operation controller is configured to:
instruct the polishing apparatus to perform an oscillation polishing process of

polishing the substrate while rotating the polishing table and causing the polishing head to
oscillate aong the polishing surface;

instruct the polishing apparatus to perform, after the oscillation polishing process, a
static polishing process of polishing the substrate while rotating the polishing table with the
oscillation of the polishing head stopped, and

determine a static polishing end point which is a point in time a which a rate of
change of the torque for rotating the polishing table has reached a change-rate threshold

value during the static polishing process.

14. The polishing apparatus according to claim 13, wherein the operation controller
is configured to instruct the oscillation motor to stop the oscillation of the polishing head
after the torque has reached a preset torque threshold value or after a current polishing time

has reached a preset oscillation polishing time.

15. The polishing apparatus according to claim 14, wherein the operation controller
is configured to instruct the oscillation motor to stop the oscillation of the polishing head

when the polishing head is a a preset stop position above the polishing table.

16. The polishing apparatus according to any one of claims 13 to 15, wherein the
operation controller is configured to:
instruct the polishing apparatus to perform, after the static polishing process, a finish
polishing process of polishing the substrate while rotating the polishing table; and
determine a finish polishing end point during the finish polishing process, the finish
polishing end point is a point in time at which afinish polishing time has el apsed, the finish
polishing timeis determined based on the static polishing end point.
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17. The polishing apparatus according to any one of claims 13 to 16, wherein the

polishing head is on an axis of the polishing table.

18. A polishing apparatus comprising:
apolishing table for supporting a polishing pad;
atable motor configured to rotate the polishing table;
atorque measuring device configured to measure atorque for rotating the polishing
table;
a polishing head configured to press a substrate against a polishing surface of the
polishing pad;
apolishing-head oscillation arm coupled to the polishing head;
an oscillation motor coupled to the polishing-head oscillation arm and configured to
cause the polishing head to oscillate aong the polishing surface; and
an operation controller configured to
acquire a plurality of measured values of the torque from the torque measuring
device,
determine a plurdity of representative values of the torque from a plurdity of
measured val ues of the torque,
generate arelational expression expressing relationship between the plurality of
representative values of the torque and polishing time, and
determine a first polishing end point which is a point in time a which a
predicted value of the torque, calculated from the relationa expression, reaches a torque

threshold value.

19. The polishing apparatus according to clam 18, wherein the pluraity of

representative values of the torque are a plurality of local minimum values of the torque, a

plurality of loca maximum vaues of the torque, or a plurdity of moving average vaues of
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the torque.

20. The polishing apparatus according to clam 18 or 19, wherein the operation
controller is configured to determine a second polishing end point which isapoint in time at
which a finish polishing time has elapsed, the finish polishing time is determined based on
the first polishing end point.

21. The polishing apparatus according to any one of clams 18 to 20, wherein the
polishing head is on an axis of the polishing table.

30



