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POLISHING APPARATUS AND POLISHING METHOD

BACKGROUND OF THE INVENTION
Field of the Invention: |

The present invention relates to a polishing apparatus and a polishing method for
polishing a substrate, such as a wafer, to planarize a surface of the substrate.
Description of the Related Art:

In a manufacturing process of semiconductor devices, film-thickness information
is monitored duting polishing of a film that forms a front surface of a wafer. During
polishing, pressures, applied to multiple zones on a back surface of the wafer, are
manipulated to control a distribution 6f remaining film thickness. For example,
Japanese laid-open patent publication No, 2008-503356 and International patent
publication No. 2008/032753 disclose such a technique.

In this control operation of the distribution of remaining film thickness, it is
important to correctly grasp an influence on a polishing rate resulting from a change in
the pressure against the Wafef back surface (e.g., characteristics including a dead time of a |
responée, a response lag, a process gain which is a ratio of the polishing -ratle to the
pressure) and to determine control parameters based on these characteristics. The
control parameters are condition values that determine a controlling operation., For
example, the control parameters include a proportional gain, an integral gain, and a
derivative gain in PID control. In a model predictive control, the control parameters
include & constant of proportionality in a prediction model and a response lag, It has

been a conventional practice to use empirically-selected values as the control parameters,

or estimate a part of the control parameters by polishing a sample wafer having the same

structure as a product wafer, because there is a constraint in use of individual product
wafers and there is a difficulty in measurement of the film thickness.
However, even if the same pressure is exerted on back surfaces of wafers, an

actual polishing rate (or removal rate) may vary between wafers, due to variations in
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conditions of consumables, such as a polishing pad and a retaining ting, and a variation in
material of the film to be polished. Moreover, even when polishing one wafer, the
removal rate may vary as a result of a change in a characteristic of an exposed layer (e.g.,
oxidation), removal of surface steps (e.g., surface irregularity), or an increase in wafer
temperature in a latter half of polishing.

Therefore, if constant control parameters are used for the polishing control
operation, such contro] parameters may not be suited td curfént process characteristics at
each point in time, As a result, manipulated variables, such as a change in the pressure,

may be unsuitable, and controllability may be lowered.

SUMMARY OF THE INVENTION
Thus, it is an object of the present invention fo provide a polishing apparatus and a
polishing method capable of achieving a good control operation for a distribution of
remaining film thickness, regardless of a change in process charac_teristiqs.
In an aspect of the present invention, there is provided a polishing apparatus
comprising: a polishing table for supporting a polishing péd; a top ring configured to
apply pressures separately to zones on a back surface of a substrate to press a front

surface of the substrate against the polishing pad; a film-thickness sensor configured to

' obtain a film-thickness signal that varies in accordance with a film thickness of the

substrate; and a polishing controller configured to maniputate the pressures, the polishing

controller is configured to calculate indexes of a remaining film thickness in zones on the

~ front surface of the substrate, manipulate the pressures based on the indexes for

controlling a distribution of the remaining film thickness, and update at least one of
control parameters using polishing data obtained during polishing of the substrate, the
control parameters being used in controlling of the distribution of the remaining film
thickness.

In a preferred aspect, the polishing controller is configured to update the at least

one of the control parameters before starting manipulation of the pressures on other
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substrate which is to be polished after polishing of the substrate.

In a preferred aspect, the polishing controller is configured to update the at least
one of the control parameters during polishing of the substrate.

In a preferred aspect, the at least one of the control parameters is a parameter
included in a process model of a model predictive control, and the polishing controller is
configured to update the at least one of the control parameters to minimize square errors
between predicted values of the indexes and actnally measured values.

In a preferred aspect, the at least one of the control parameters is a ratio of a
changing rate of each index to cotresponding one of the pressures.

In a preferred aspect, the polishing controller is configured to update the at least
one of the control parameters based on the indexes and the pressures.

In a preferred aspect, the film-thickness sensor is an eddy current sensor.

In a preferred aspect, the film-thickness sensor is an optical sensor.

In another aspect of the present invention, there is provided a polishing method
comprising: rotating a polishing table supporting a polishing pad; applying pressures
separately to zones on a back surface of a substrate to press a front surface of the substrate
against the polishing pad to polish the substrate; obtaining a film-thickness signal that
varies ih accordance with a film thickness of the substrate; calculating indexes of a
remaining film thickness in zones on the front surface of the substrate during polishing of
the substrate; manipulating the pressures based on the indexes for controlling a
distribution of the remaining film thickness; and updating at least one of control
parameters using polishing data obtained during polishing of the substrate, the control
parameters being used in controlling of the distribﬁtion of the remaining film thickness.

In a preferred aspect, updating the at least one of control parameters comprises
updating the at least one of the control parameters before starting manipulation of the
pressures on other substrate which is fo be polished after polishing of the substrate.

In a preferred aspect, updating the at least one of control parameters comprises

updating the at least one of the control parameters during polishing of the substrate.
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In a preferred aspect, the at least one of the contrél parameters is a parameter
included in a process model of a model predictive control, and updating the at least one of
control parameters comprises updating the at least one of the control parameters to
minimize square errors between predicted values of the indexes and actually measured
values. |

In a preferred aspect, the at least one of the control parameters is a ratio of a
changing rate of each index to corresponding one of the pressures.

In a preferred aspect, updating the at least one of control parameters comprises
updating the at least one of the control parameters based on the indexes and the pressures.

According to the present invention, an excellent control operation for the
distribution of remaining film thickness can be realized, regardless of a change in
polishing characteristics due to deterioration of consumables aﬁd regardless of a change
in polishing characteristics during polishing of one wafer. Furthet, even when the
polishing characteristics are relatively stable, controllability can be improved because the

polishing characteristics can be more correctly grasped.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG 1 is a schematic view showing a polishing apparatus for polishing a wafer
which is an example of a substrate;

FIG. 2 is a cross-sectional view showing a top ring;

FIG. 3 is a schematic view showing an example in which a wafer surface (.., a
surface to be pblished) is divided into I number of zones;

FIG 4 is graj:hs showing a reference trajectory of a model predictive control;

FIG 5A and FIG 5B are diagrams showing results of simulation that was
conducted by virtually polishing one wafer using parameters for a prediction model which
is different from an actual state, identifying a process model using polishing data of this
polishing process to vpdate the parameters, and applying the updated parameters to

polishing control for another wafer;
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FIG. 6 is a flowchart showing a process of identifying a predictive control model
using polishing data of a preceding wafer;

FIG 7 is a flowchart showing a process of identifying a predictive control model
using polishing data of a wafer that is being polished;

FIG. 8A and FIG 8B are diagrams each showing results of polishing of a blanket
wafer having a blanket of an oxide film while controlling a film-thickness distribution;
and _

FIG 9 is a graph showing results of a film-thickness range over a surface of a
wafer that was polished while a ratio of a decreasing rate of a remaining film-thickness

index to pressure in a predictive control model was kept constant and while the ratio was

changed.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention will be described below with reference to
the drawings.

FIG. 1 is a schematic view showing a polishing apparatus for polishing a wafer
which is an example of a substrate, As shown in FIG. 1, the polishing apparatus includes
a top ring (or a substrate holder) 1 configured to hold and rotate a wafer W, a polishing
table 3 for supporting a polishing pad 2, a polishing-liquid supply nozzle 5 for supplying
a polishing liquid (or shirry) onto the polishing pad 2, and a film-thickness sensor 7
configured to obtain a film-thickness signal that varies in accordance with a film
thickness of the wafer W. The polishing pad 2 has an upper surface that provides a
polishing surface 2a for polishing the wafer W.

The top ring 1 is coupled to a lower end of a top ring shaft 10. The top ring shaft
10 has an upper end that is coupled to a rotating device (not shown) disposed in a top ring
arm 16, This rotating device is configured to rotate the top ring 1 in a direction
indicated by arrow through the top ring shaft 10, The top ring 1 is configured to be able

to hold the wafer W on its lower surface by vacuum suction. The film-thickness sensor
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7 is located in the polishing table 3, so that the film-thickness sensor 7 can rotate together
with the polishing table 3, The film-thickness sensor 7 is configured to obtain the
film-thickness signals at multiple zones, including a center, of the wafer W each time the
polishing table 3 makes one revolution. The film-thickness sensor 7 may be an optical
sensor or an eddy current sensor,

Polishiﬁg of the wafer W is performed as follows. The top ring 1 and the
polishing table 3 are rotated in the same direction as indicated by arrows, while the
polishing liquid is supplied from the polishing-liquid supply nozzle 5 onto the polishing
pad 2. In this state, the top ring 1 presses the wafer W against the polishing surface 2a
of the polishing pad 2. The surface of the wafer W is polished by a combination of a
mechanical action of abrasive grains contained in the polishing liquid and a chemical
action of the polishing liquid, The polishing apparatus having such structures is known
as CMP (chemical mechanical polishing) apparatus.

During polishing of the wafer W, the film-thickness sensor ’Z_»iisgtates together with
the polishing table 3, and obtains the film-thickness signals while- s'weeping across the
surface of the wafer W. Each of these film-thickness signals is an index value that
directly or indirectly indicates the film thickness of the wafer W, and varies in accordance
with a decrease in the film thickness of the wafer W. The film-thickness sensor 7 is
coupled to a polishing controller 9, so that the film-thickness signal is sent to the
polishing controller 9. This polishing controller 9 terminates polishing of the wafer W
when the film thickness of the wafer W, indicated by the film thickness signal, has
reached alpredetermined target value.

Next, the top ring 1 will be described. FIG.2isa crossjsectional view showing
the top ring 1. The top ring 1 has a top ring body 21 coupled to fhe top ring shaft 10 via
a universal joint 19, and a retaining ring 22 provided below the top ring body 21.

A flexible membrane (elastic membrane) 24 to be brought into contact with a back
surface (a surface at an opposite side of a front surface to be polished) of wafer W and a

chucking plate 25 that holds the membrane 24 are disposed below the top ring body 21.



10

15

20

25

Four pressure chambers Cl1, C2, C3, and C4 are provided between the membrane 24 and
the chucking plate 25. The pressure chambers CI, C2; C3, and C4 are formed by the
membrane 24 and the chucking plate 25. The central pressure chamber C1 has a circular
shape, and the other pressure chambers C2, C3, and C4 have an annular shape. These
pressure chambers C1, C2, C3, and C4 are in a conceniric arrangement.

Pressurized gas, such as pressurized air, is supplied through gas delivery lines F1,
F2, F3, and F4 into the pressure chambers C1, C2, C3, and C4, respectively, by a gas
supply source 30. Vacuum lines V1, V2, V3, and V4 are coupled to the gas delivery
lines F1, F2, F3, and F4, respectively, so that negative pressure can be produced in the
pressure chambers C1, C2, C3, and C4 by the vacuum lines V1, V2, V3, and V4. The
pressures in the pressure chambers C1, C2, C3, and C4 can be changed independently to
thereby independently adjust polishing pressures on four zones of the wafer W: a central
portion; an inner intermediate portion; an outer intermediate portion; and a peripheral
portion,

A pressure chamber C5 is formed between the chucking plate 25 and the top ring
body 21, The pressurized gas is sxipplied through a gas delivery line F5 into the pressure
chamber C5 by the gas supply source 30. Further, a vacuum line V5 is coupled to the
gas delivery line F5, so that negative pressure can be produced in the pressure chamber
C5 by the vacuum line V5. With these operations, the chucking plate 25 and the
membrane 24 can move up aﬁd down.

The retaining ring 22 is arranged around the peripheral portion of the wafer W so
as to prevent the wafer W from coming off the top ring 1 during polishing, The
membrane 24 has an opéning in a portion that forms the pressure chamber C?:_, so that the
wafer W can be held on the top ring 1 by vacuum suction when a vacuum is produced in
the pressure chamber C3. Further, the wafer W can be released from the top ring 1 by
supplying nitrogen gas or clean air into the pressure chamber C3.

An annular rolling diaphragm 26 is provided between the top ring body 21 and the
retaining ring 22. A pressute chamber C6 is formed in this rolling diaphragm 26, and is
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in communication with the gas supply source 30 through a gas delivery line F6. The gas
supply source 30 supplies the pressurized gas into the pressure chamber C6, so that the
rolling diaphragm 26 pressés the retaining ring 22 against the polishing pad 2. Further, a
vacuum line V6 is coupled to the gas delivery line Fé so that negative pressure éan be
produced in the pressure chamber C6 by the vacuum line V6. When a vacuum is
produced in the pressure chamber C6, the entirety of the retaining ring 22 is elevated.

The gas delive;y lines F1, ¥2, F3, F4, F5, and F6, communicating with the
pressure chambers Cl, C2, C3, C4, C5, and C6, respectively, are provided with
electropnenmatic regulators (which are pressure regulators) R1, R2, R3, R4, RS, and R6,
fes_pectively. The pressurized gas from the gas supply source 30 is supplied through the
electropneumatic regulators R1 to R6 into the pressure chambers Cl1 to C6. These
electropneumatic regulators R1 to R6 are coupled to the pressure chambers C1 to C6 via
the gas delivery lines F1 to F6, which extend from the pressure chambers C1 to C6
through a rotary joint 28 to the electropneumatic regulators R1 to R6.

The electropneumatic regulators R1 to R6 are configured to regulate the pressure
in the pressure chambers C1 to C6 by regulating the pressure of the pressurized gas
supplied from the gas supply source 30. The electropneumatic regulators R1 to R6 are
coupled to the polishing controller 9. The pressure chambers Cl to- C6 are further
coupled to vent valves (not shown), respectively, so that the pressure chambefs Clto C6
can be ventilated to the atmosphere. The polishing controller 9 sends target pressure

values of the respective pressure chambers C1 to C6 to the electropneumatic regulators

- R1-to R6, which then operate such that the pressures in the pressure chambers C1 to Cé6

are maintained at the corresponding target pressure values. The polishing controiler 9
mé.nipulates the pressures in the pressure chambers Cl1 to C6 through the
electropneumatic regulators (pressure regulators) R1 to R6,

The pressures in the pressure chambers C1 to C6 afe measured by pressure sensors
{(not shown) incorporated in the eleciropneumatic regulators R1 to R6, respectively.

Measured values of the pressure in the pressure chambers C1 to C6 are transmitted to the
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polishing controller 9. In the example shown in FIG, 2, the four pressure chambers C1
to C4 that push the back surface of the wafer W are provided. Less than four or more
than four pressure chambers may be provided.

FIG. 3 is a schematic view showing an example in which the front surface (i.e.,
the surface to be polished) of the wafer W is divided into I number of zones. These I
number of zones are thoée defined on the front surface of the wafer W, and include one
circular zone located at the center of the wafer W and annular zones around the circular
zone. As shown in FIG. 3, an index y(k), which relatively indicates a remaining film
thickness in each zone, is defined. This index y(k) will be réfelred to as remaining film
index. It is preferable that the remaining film index y(k) decrease linearly in accordance
with a decrease in film thickness (see Japanese laid-open patent publication No.
2008-503356).

The remaining film index can be determined by polishing in advance a wafer (a
reference wafer) of the same type as a wafer that is an object to be controlled. For
example, in a case where the film-thickness signal varies monotonously with the progress
of polishing, a remaining time (i.e., a time to a polishing end point) with respect to the
film-thickness signal at each point in time throughout polishing of the reference wafer is
stored in a tabular form in advance. During polishing of a wafer to be controlled, the
remaining film index can be obtained with use of the stored table by converting the
film-thickness signal ét each point in time into the remaining time that has been obtained
when the reference wafer was polished. In the case where the film-thickness sensor 7 is
an optical sensor and the film-thickness signal is a spectrum of reflected light from the
surface to be polished, spectra of the light from the reference Wafer and measured values
of the film thickness before and after polishing of the reference wafer are stored in
advance. During polishing of a wafer to be controlled, the film thickness of the wafer at
each point in time can be estimated from the measured values of the film thickness that
were obtained before and after polishing of the reference wafer by determining a

spectrum of the reference wafer that is most similar to a spectrum of the wafer, to be
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controlled, obtained at that point in time. In this manner, the remaining film index y(k)
may be an estimated value of the remaining film thickness as it is.

J number of zones, which correspond to the pressure chambers C1 to CJ of the top
ring 1, afe defined on the back surface of the wafer. These J number of zones include
one circular zone located at the center of the wafer W and annular zones around the
circular zone. The pressure in each zone is uniform. In many cases, the zones defined
on the front surface of the wafer and the zones defined on the back surface of the wafer
are in one-to-one relation, i.e., I=1J, Assuming that a change (or an amount of decrease)
in the remaining film index per unit time in each zone on the front smface of the wafer is
proportional to the pressure that can vaty in J number of ways with a dead time and a

first-order lag, the remaining film index y(k) is expressed by the following equation using

£} as an appropriate function.

y(k) = y(0) = C * fik, At, tp, a, ug, Au(1), Au(2), ..., Auk~1)) ¢}

where:

y(k) is the remaining film index and is a column vector having a length of I;

C is a constant of proportionality of a decreasing rate of the remaining film index
with respect to pressufe, and is expressed as a matrix with I by J (Ix]) array;

k is a discrete time (k=0, 1, 2,***); |

At is a time increment (or a control period);

tp is a dead time in the response;

0. is a time constant of the response;

Up is an initial pressure and is a column vector having a length of J; and

Auk) is an amount of change in the pressure at time k and is a column vector
having a length of J,

A p-step-ahead predicted value of the remaining film index at time k is expressed
using f, and f; as appropriate functions as follows.

ye(k, p) = yo(k, p) + yr(k, p) : )

yotk, p) =y(k) — C - f(k, At, tp, 0, ug, Au(1), Au(2), ..., Auk-1), p) (3)

10
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yr(k, p) =—C * fi(k, At, tp, 0, Au(k), Au(k+1), ..., Aulk+p-1), p) 4)

where:

ye(k, p) is p-step-ahead predicted value of the remaining film index at time k and
is a column vector having a length of I;

yo(k, p) is a determined term that has been determined by é past manipulated
variable (pressure) and is a column vector having a length of I; and

yr(k, p) is an undetermined term that is to be determined by a manipulated
variable (pressure) after present time and is a column vector having a length of I,

Now, let Yp(k, P), Yo(k, P), and AU be expressed as follows.

Yok, P) = [yp(k, 1), yo(k, 2)7, ..., ye(k, P)TT (5)
Yotk, P) = [yolk, 1), Yok, 2)", ..., yo(c, P)T]" (6)
AUq= [Au(k)”, Au(k+1)", ..., Au(k+Q-1)"T" 7

Further, using ¥ as an appropriate matrix with an array of (IxP)x(JxQ), a
P-step-ahead predicted value of the remaining film index is given by

Yek, P) = Yo(k, P) — ¥AUqy (8)

In order to suppress a change in manipulated variable (pressure) after a sufficient
time has elapsed, the following equation is assumed under a condition of 1<Q<P.

Au(k+Q) = Au(lc+Q+1) =...= Au(k+P-1) = 0 )

If Q=P, the equation (9) is construed as Au(k+Q) = 0.

After the above-described preparations are done, a reference trajectory for model
predictive control is defined. As shown in FIG. 4, yso(k) represents a target remaining
film index at each time k, and B represents a time constant of a predetermined first-order
lag. Reference trajectory Yr(k, P) for the model predictive control is defined as follows.

Yeks, P)= [y, 1), v, 2% o rGG BYTT (10)

yr(k, ) = ys(k+p)texp(-pAVB) [y()-ys(k)] (11)

ys(+p) = [yso(ictp), Ysolktp), ..., ysolktp)} (12)

The right side of the equation (12) is a column vector having a length of I.

An evaluation function J, which will be described below, is a function for

11



suppressing the change in the manipulated value (pressure) while allowing a controlled
variable (i.e., remaining film index) to gradually approach a target trajectory along the
reference trajectory. The evaluation function J can be defined as follows.

| J= [/ Yr(k, B)-Yo(k, B) / *rrr+ /1 AUQ f *ara

5 =1 Ya(k, D)= Yo(k, P)+¥AUqQ [/ *rrr+ | AUQ [ *ara (13)

where [/ X [/ %4=X"AX (14)
7 (T) 0 0
T7r= g 72072 yagy, g (15)
0 ‘ (; 0 .. y,,T;'P
ATA g 0 .. 0
AA= g /zzo/?2 A,SIL, g (18)

o 0 0 ... AA

Yp i & diagonal' matrix with I by I (IxI) array that represents a weight on a

deviation of the predicted value from the reference trajectory at fcime ktp, and Aq is a
10  diagonal matrix with J by J (JxJ) array that represents a weight on a change in the
manipulated variable at time k+q—1.

Generally, there is constraint on the manipulated variable (i.e., the pressure in the
pressure chamber). For example, there is provided upper and lower limits, upper and
lower limits of amount of a change in one operation, or an upper limit of a pressure

16  difference between neighboring pressure chambets. The manipulated variable AUq that
minimizes a value of J in the equation (13) can be determined by a quadratic
programming which is one of optimization methods.

In the above-discussed mode! predictive control, parameters, which represent
characteristics of the polishing process to be controlled, include the C matrix indicating a

20  ratio of the decreasing rate of the remaining film index to the pressure, the dead time tp in

the response, and the time constant . Row of the C matrix corresponds respectively to

12
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the zones defined on the front surface of the wafer, and column of the C matrix
corresponds respectively to the pressure chambers. Assignment order of the zones on
the front surface of the wafer and assignment order of the pressure chambers are in
accordance with the order of increasing a distance from the wafer center.

Generally, the pressure in the pressure chamber affects the polishiAng rate only in
the zone directly pressed by that pressure chamber and other zone adjacent to that zone,
Therefore, the C matrix is expressed as a matrix in which diagonal elements and their
neighboring elements are positive, while other elements are zero. For example, where I
is 4 (I=4) and J is 4 (J=4) and where the pressure in the pressure chamber affects the
polishing rate in a zone directly pressed by that pressure chamber and other zone next to

that zone, the C matrix is given ‘by~
¢, ¢, 0 0
C= ey Cp €5 O (17)
0 ¢ ¢y oy
0 0 c5 ey

¢;j=0 : (18)

Assuming that ¢ is zero (i), the C matrix can be determined by polishing in
advance a wafer (e.g., sample wafer) having the same specifications as those of a product
wafer to be polished, obtaining the pressures in the respective pressure chambers during
polishing of the sample wafer, and calculating an average polishing rate (or an average
removal rate) in each of the zones.

The dead time tp contains a mechanical delay of the top ring 1, and delays in a
processing operation and a communication of the polishing controllet 9 (i.e., a delay from
when the film thickness sensor 7 obtains the film-thickness signal to when the pressure on
the back surface of the wafer is actually started to change). A filtering process for
smoothing the film-thickness signal entails a phase lag, which is reflected in the time
conétant o. It is difficult to conduct a step response test for the pressure in each pressure
chamber with use of a product wafer which is an object to be controlled in the polishing

appatatus. For this reason, empirically-obtained values are generally used for the dead

13
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time tp and the time constant 0. In order to improve the controllability, it is important to
accurately establish these parameters that represent the processing characteristics (or the
polishing characteristics).

Assuming that the dead time tp and the time constant o are known, one-step-ahead
predicted value of the remaining film index y(k) is expressed from the equations (3), (4)
with use of f; as an appropriate function, as follows. .

ek, 1) = y(k) — C - fa(k, At, tp, 0, ug, Au(l), Au(2), ..., Au(k)) (19)

Assuming that the control period At is constant and substituting pp,.(k) into
parentheses following C in the right side of the equation (19), the predicted value yp(k, 1)
is expressed as

ye(k, 1) = y(k) — Cpm.a(k) (20)

where pp,o(k) is a column vector having J number of elements determined from
the known parameters and the manipulated variable up to present time k.

An error e(k) between the one-step-ahead predicted value and an actually
measured value is given as

e(k) = yp(k, 1) — y(k+1) = ~Cpup,q(k) — Ay(k) @1)

where Ay(k) = y(k+1)—y(kj.

Now, a fpcus is turned to the zone on the front surface of the wafer. An i-th
element of the vector e(k) and an i-th element of the vector Ay(k) will be expressed as
ei(k), Ayi(k), respectively. Further, a row vector, constituted by i-th row of the C matrix
but excluding elements that are fo be obviously zero, will be expressed as c;, and a
column vector, constituted by the vector pp,g(k) from which only an eclement
corresponding to ¢; has been removed, will be expressed as ~vip,o(k). The i-th element
ei(k) is expressed as

) =vo.ul)'e’ — Avik)  (22)

where i=1,2, -, 1.

With respect to a zone i, A and b are defined based on data with respect to time

k=ki, ko, ***, kq,***, kn that have been extracted during polishing, as follows.

14
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A= ~[Veyalk1)s Verak2), - o» VidsalKa)s - v» Vidyaln)] " (23)

b= [Ayiky), Ayika), ..., Ayilka), ..., AyiCa)” (24)
An error € of one-step-ahead predicted value is expressed as
e=leilky), ei(ka), - xlln)s +vos eilkn)] @)

This error € is expressed using the above-defined A and b, as follows.

g=Ac™—b (26)

Since ¢; is considered to be equal to or larger than zero (c;> 0) as described above,l
the vector ¢; that minimizes a mean square error of the one-step-ahead predicted value of
the remaining film index can be determined as non-negative least square constraint issue
with use of known method. Therefore, it is possible to optimize proportionality-constant
matrix C,

In the above-discussed embodiment, the ratio of the remaining film index to the
pressure in the prediction model is identified from the polishing data on the assumption
that the dead time tp and the time constant o are known. However, it is noted that, even
if the dead time tp and the time constant o, are unknown, it is possible to apply the same
method. Speciﬂcaﬂy, another embodiment may include the steps of estimating a first
range in which the dead time tp can fall, estimating a second range in which the time
constant o can fall, creating multiple combinations of the dead time tp and the time
constant o by varying the dead time tp and the time constant o with appropriate
increments within the first range and the second range, optimizing the

proportionality-constant matrix C with respect to each of the combinations in the same

" process as described above, determining one combination that can minimize an

one-step-ahead estimated error of the remaining film index, and using the

proportionality-constant matrix C, the dead time tp, and the time constant o that constitute

the determined combination, thereby forming a new process model.

In the above-discussed embodiment, the remaining film index y(k) is defined as an
index that decreases with a decrease in the film thickness, and the matrix C is defined as

the ratio of the decreasing rate of the remaining film index to the pressure. However, it

16
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is also possible to define the index y(k), which indicates the thickhess of the remaining
film, as a quantity that increases with the decrease in the film thickness, e.g., the number
of revolutions of the polishing table 3 when polishing the reference wafer. In this case,
the matrix C is formulated as a constant of proportionality of an increasing rate of the
remaining film index with respect to the pressure.

FIG 5A and FIG 5B are diagrams showing a result of simulation that was
conducted by virtually polishing one wafer using parameters for a prédiction model which
is different from an actual state, identifying a process model using polishing data of this
polishing process to update the parameters, and applying the updated parameters to a
control operation in polishing of another wafer. The polishing data obtained include the
pressure in the pressure chamber during polishing, the film-thickness signal from the film
thickness sensor 7, and the remaining film index. In this simulation, the film thickness
sensor 7 was an eddy current sensor. Therefore, the film-thickness signal outputted from
the film thickness sensor 7 was assumed to decrease non-linearly with the decrease in the
film thickness. Further, because a variation in the film thickness along a circumferential
direction of a wafer is typically expected to exist, vibration was added to the
film-thickness signal in this simulation so that the film-thickness signal was vibrated at a
constant period with amplitude that increases as the film thickness sensor 7 comes closer
to an edge of the wafer.

FIG. 5A shows a temporal change in the film-thickness signal at the center and the
edge of the wafer, and FIG. 5B shows a temporal change in the pressure in the pressure
chamber while the control was performed. In an initial prediction model, the constant of
proportionality C was assumed to be three times an actual value, and the deed time tp and
the time constant o were assumed to be one-third of respective actual values. As a result,
the controlled variable (i.e., the difference in film thickness between the zones) and the
manipulated variable (i.e., the pressure. in the pressure chamber) converged very slowly.
In confrast, according to the embodiment, polishing data of a first wafer was used to

identify the process model, and the parameters were updated. As a result, the polishing
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control was greatly improved and the confrolled variable (i.e., the difference in film
thickness between the zones) and the manipulated variable converged rapidly, although
each parameter was not exactly agreement with true value. A small fluctuation of the
manipulated variable (i.e., the pressure in the pressure chamber) was observed in a latter
half of the polishing operation, but this fluctuation is due to the assumed variation in the
film thickness on the wafer edge along the circumferential direction of the wafer. This
small fluctuation can be removed by smoothing the film-thickness signal values, e.g., by
performing a moving average on the film-thickness signal values.

‘FIG, 6 is a flowchart showing a process of updating a part of the control
patameters for a subsequent wafer, i.e., a process of identifying a predictive control model,
using polishing data of a preceding wafer. First, the subsequent wafer is transported to
the polishing apparatus shown in FIG. 1 (step 1). The polishing controller 9 reads from a
storage device 40 the confrol parameters that have been determined using the polishing
data of the preceding wafer (step 2). Polishing of the subsequent wafer is then started
(step 3). During polishing of the subsequent wafer, the polishing controller 9 calculates
the remainipg film indexes for the zones on the wafer, respectively, and controls a
distribution of the thickness of the remaining film based on the remaining film indexes
(step 4). More specifically, the polishing controller 9 manipulates the pressures (i.e., the
pressures in the pressure chambers) applied to the respective zones on the back surface of
the wafer, based on the remaining film indexes calculated for the respective zones, In
this step 4, in an initial control operation, the distribution of the thickness of the
remaining film is controlled based on the control parameters that have been read in the
step 2. As discussed previously, in an initial polishing stage, the polishing
characteristics (e.g., the polishing rate with respect to the pressure) may be unstable
because of a change in characteristic of an exposed layer to be polished. In such a case,
a predetermined waiting time may be provided between a polishing start point and the
initial control operatioﬁ. The control parameters that have been updated based on the

polishing data of the preceding wafer may not be read before polishing of the subsequent
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wafer is started, and may be read before the initial control operation is performed.

The polishing controller 9 determines whether polishing of the wafer is to be
terminated or not based on the remaining film index (step 5). If the remaining film
index has reached a preset target value, the polishing controller 9 terminates polishing of
the wafer (step 6). In the step 5 and the step 6, it is also possible to terminate polishing
of the wafer based on whether or not a predetermined time has elapsed from a polishing
start point. Further, the polishing controller 9 identifies a process model using the
polishing data of the wafer (step 7), updates the control parameters (step 8), and stores the
updated control parameters in the storage device 40 (step 9).

The method according to the above-discussed embodiment is effective in a case
where the polishing characteristics are varied over a relatively long time, due to wear of
the polishing pad or other causes. Further, the method according to the embodiment can
be applied to polishing of one wafer during which the polishing characteristics
(processing characteristics) are varied due to a change in characteristic of an exposed
layer to be polished or a change in temperature. Specifically, as shown in FIG. 7, it is
possible to extract polishing data obtained in a preceding polishing section (or time
interval having a predetermined length) at each point in time during polishing, and to
determine the control parameters for the predictive control process model in the same
manner as discussed above, Thereafter, the polishing control is continued based on the
newly-determined control parameters. Since the polishing characteristics are expected
to vary during polishing of a wafer, it is preferable to store in the storage device 40 the
control parameters that have been determined by the identification of the process model at
an initial polishing stage, and use the stored control parameters as initial values of the
control parameters in polishing of a subsequent wafer.

In FIG 7, a subsequent wafer is transported to the polishing apparatus shown in
FIG 1 (step 1). The polishing controller 9 reads from the storage device 40 the control
parameters that have been determined using the polishing data of the preceding wafer

(step 2). Polishing of the subsequent wafer is then started (step 3). During polishing of
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the subsequent wafer, the polishing controller 9 calculates the remaining film indexes for
the zones on the wafer, respectively, and controls a distribution of the thickness of the
temaining film based on the remaining film indexes (step 4). More specifically, the
polishing controller 9 manipulates the pressures (i.e., the pressures in the pressure
chambers) applied to the respective zones on the back surface of the wafer, based on the
remaining film indexes calculated for the respective zones. In this step 4, in an initial
control operation, the distribution of the thickness of the remaining film is controlled
based on the control parameters that have been read in the step 2. As discussed
previously, in an initial polishing stage, the polishing characteristics (e.g., the polishing
rate with respect to the pressure) may be unstable because of a change in characteristic of
an exposed layer to be polished. In such a case, a predetermined waiting time may be
provided between a polishing start point and the initial control operation. The control
parameters that have been updated based on the polishing data of the preceding wafer
may not be read before polishing of the subsequent wafer is started, and may be read
before the initial control operation is performed.

The polishing controller 9 obtains polishing data duting polishing of the wafer,
identifies a process model using the polishing data, and determines the control parameters
again (step 5). The polishing controller 9 deteﬁnines whether polishing of the wafer has
just been started or not, i.e., whether the comirol parameters are determined for the first
time in polishing of the present wafer (step 6). If polishing of the wafer has just been
started, the polishing controller 9 stores the newly-determined polishing parameters in the
storage device 40 (step 7) and updates the polishing parameters (step 8). If the polishing
characteristics are unstable right after the polishing of the wafer has been started and as a
result the control operation in the step 4 is delayed, the operations of the step 5 to the step
7 are also delayed. In this case, the conirol parameters are newly determined based on
the polishing data that have been obtained after the polishing characteristics become
stable, and are then stored in the storage device 40. If a certain time has already elapsed

since polishing of the wafer is started, the polishing controller § updates the control
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parametets without storing the control parameters (step 8). The polishing controller 9

determines whether polishing of the wafer is to be terminated or not based on the

remaining film index (step 9). If the remaining film index has reached a preset target

value, the polishing controller 9 terminates polishing of the wafer (step 10). In the step
9 aﬂd the step 10, it is also possible to terminate polishing of the wafer based on whether
or not a predetermined time has elapsed from a polishing start point.

In the case where the above-described C matrix can be regarded as a diagonal
matrix, i.e., in the case where elements, other than diagonal terms, are small and can be
replaced with zero, the C matrix can be determined more easily. An operation of
updating i-th diagonal element c;; is performed using data that have been obtained in a
past section dating back from discrete time k by M times the control period (ie., by a
period MAt). A decreasing rate R of the remaining film index and an average pressure

Uy in the pressure chamber in this period MAt are given by

R=[yk~M) — yi(k)] / MAt @n
w = ngl,(k_—m) (28)

The diagonal element c;(k) at discrete time k is expressed as follows.

cii(k) = R/ug (29)

In the case where the remaining film index y; is given through the smoothing
process, such as the moving average, it is preferable to smooth the pressure in the
pressute chamber in the same smoothing process. In consideration of the response lag &
of the remaining film index y; with respect to the pressute uy in the pressure chamber, the

equation (28) may be rewritten as

1 M
S ulk—m—3§) (30)

u,
a3
MM=

The following are descriptions of polishing experiments that have been conducted
in order to confirm the usefulness of the technique discussed above. FIG. 8A and FIG.
8B are diagrams each showing results of polishing of a blanket wafer having a blanket of

an oxide film while controlling a film-thickness distribution, and each shows a chahge in
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the film-thickness distribution in a radial direction of the wafer during polishing that has
been estimated based on the signal from a spectral film-thickness sensor 7. The top ring
1 used in the experiments had eight pressure chambers and was configured to be able to
apply pressures sepéra_tely to the wafer. The ratio (initial value) of the decreasing rate of
the remaining film index to the pressure in the pressure chamber in the predictive control
model was intentionally varied such that the ratio in odd-numbered zones was about
~30% of an estimated value obtained in advance through polishing of a sample wafer and
the ratio in even-numbered zones was about +30% of the estimated value, The
odd-numbered zones are wafer zones whose number of arrangement order from a wafer
center is an odd numbet, and the even-numbered zones are wafer zones whose number of
arrangement order from the wafer center is an even number.

FIG. 8A shows control results in a case where the above-described ratio was

~ constant. For example, in the odd-numbered zones, such as a central zone of the wafer,

since this ratio was undervalued, the loading pressure was excessively large, resulting in a
great decrease in the ﬁlm thickness at a latter half of the polishing process, while in the
even-numbered zones, since the ratio was overvalued, the loading préssure was
excessively small, resulting in a small decrease in the film thickness. In contrast, FIG
8B shows control results in a case where the ratio was changed in accordance with the
equation (29) based on data obtained during polishing. As can be seen from FIG. 8B, an
approximately flat distribution of the film thickness was obtained even in the latter half of
the polishing process.

FIG 9 is a graph showing results of a film-thickness range over a surface of a
wafer that was polished while the ratio (initial value) of the decreasing rate of the
remaining film index to the pressure in the pressure chamber in the predictive control

model was changed in four ways within a range of 0% (unchanged) to £50%, i.e., while

. the ratio was kept constant or changed during polishing. The film thickness of the

polished wafer was measured by a film-thickness measuring device (not shown).

In the case where the ratio was constant, the film-thickness range of the polished

21



10

15

20

26

wafer became extremely greater in accordance with an amount of intentional change in
the ratio. In contrast, in the where the ratio was updated based on the polishing data
obtained during polishing, the film-thickness range was greatly improved, as can be seen
in the graph, In addition, even in the case where the ratio was not varied intentionally, a
variation in the remaining film thickness became smaller in a case where the ratio was
updated during polishing than in a case where the ratio was constant. Therefore, the
ratio of the decreasing rate of the remaining film thickness to the préssure can be
estimated more accurately and can be reflected in the polishing control operation even in
the case where the polishing characteristics become relatively stable in the polishing
process.

If the ratio of the decreasing rate of the remaining film thickness to the pressure in
the pressure chamber is evaluated in a short section (or in a short time interval), a
reliability of a newly-calculated ratio may be low due to some causes, such as a variation
of data. In such a case, the following solutions may be employed.

* A weighted average between a present value and a newly-calculated value is
used.

« If a difference between a present value and a newly-calculated value is extremely
large, the newly-calculated value is not used.

* An upper limit and a lower limit of the ratio are provided.

+ A limit of an amount of change from a present value is provided.

The above-discussed embodiments are directed to a technique of updating the

control parameters using the polishing data when the model predictive control is used to

control the distribution of the remaining film thickness, but can also be used to update
control parameters in other control methods as well, For example, when a PID control is
used, the change in the ratio of the decreasing rate of the remaining film thickness in each
zone to the pressure in the pressure chamber can be evaluated using the equation (27)
through the equation (29), so that a proportional gain, which has been determined initially,

can be updated successively based on the evaluation,
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According to the above-described embodiments, a good control operation for the

~ distribution of the remaining film thickness can be realized, regardless of the change in

the polishing characteristics due to deterioration of consumables and regardless of the
change in the polishing characteristics during polishing of one wafer. Further, even
when the polishing characteristics are relatively stable, the controllability can be
improved because the polishing characteristics can be more correctly grasped.

The previous description of émbodiments 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
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 is to be accorded the widest scope as defined by limitation of the claims.
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What is claimed is:

1. A polishing apparatus comprising:

a polishing table for supporting a polishing pad;

a top ring configured to apply pressures separately to zones on a back surface of a
substrate to press a front surface of the substrate against the polishing pad;

a film-thickness sensor configured to obtain a film-thickness signal that varies in
accordance with a film thickness of the substrate; and

a polishing controller configured to manipulate the pressures,

the polishing controller is configured to calculate indexes of a remaining film
thickness in zones on the front surface of the substrate, manipulate the pressures based on
the indexes for controlling a distribution of the remaining film thickness, and update at
least one of control parameters using polishing data obtained during polishing of the
substrate, the control parameters being used in controlling of the distribution of the
remaining film thickness, the at least one of control parameters comprising a ratio of a
changing rate of each index to corresponding one of the pressures, the polishing data

including the pressures, the film-thickness signal, and the indexes.

2. The polishing apparatus according to claim 1, wherein the polishing controller
is configured to update the at least one of the control parameters before starting
manipulation of the pressures on other substrate which is to be polished after polishing of

the substrate.

3. The polishing apparatus according to claim 1, wherein the polishing controller
is configured to update the at least one of the control parameters during polishing of the

substrate.

4. The polishing apparatus according to claim 1, wherein:
the at least one of the control parameters is a parameter included in a process

model of a model predictive control; and
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the polishing controller is configured to update the at least one of the control
parameters to minimize square errors between predicted values of the indexes and

actually measured values.

5. The polishing apparatus according to claim 1, wherein the polishing controller
is configured to update the at least one of the control parameters based on the indexes and

the pressures.

6. The polishing apparatus according to claim 1, wherein the film-thickness sensor

is an eddy current sensor.

7. The polishing apparatus according to claim 1, wherein the film-thickness sensor

is an optical sensor.

8. A polishing method comprising:

rotating a polishing table supporting a polishing pad;

applying pressures separately to zones on a back surface of a substrate to press a
front surface of the substrate against the polishing pad to polish the substrate;

obtaining a film-thickness signal that varies in accordance with a film thickness of
the substrate;

calculating indexes of a remaining film thickness in zones on the front surface of
the substrate during polishing of the substrate;

manipulating the pressures based on the indexes for controlling a distribution of

the remaining film thickness; and
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updating at least one of control parameters using polishing data obtained during
polishing of the substrate, the control parameters being used in controlling of the
distribution of the remaining film thickness, the at least one of control parameters
comprising a ratio of a changing rate of each index to corresponding one of the pressures,

the polishing data including the pressures, the film-thickness signal, and the indexes.

9. The polishing method according to claim 8, wherein updating the at least one of
control parameters comprises updating the at least one of the control parameters before
starting manipulation of the pressures on other substrate which is to be polished after

polishing of the substrate.

10. The polishing method according to claim 8, wherein updating the at least one
of control parameters comprises updating the at least one of the control parameters during

polishing of the substrate.

11. The polishing method according to claim 8, wherein:

the at least one of the control parameters is a parameter included in a process
model of a model predictive control; and

updating the at least one of control parameters comprises updating the at least one
of the control parameters to minimize square errors between predicted values of the

indexes and actually measured values.
12. The polishing method according to claim 8, wherein updating the at least one

of control parameters comprises updating the at least one of the control parameters based

on the indexes and the pressures.
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