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Description

Field of the Invention

[0001] The present invention relates generally to the planarization of semiconductor wafers and, more specifically,
to a system and method for controlling a polishing tool having multiple arms.

Background of the Invention

[0002] Chemical-mechanical polishing (CMP) is a widely used means of planarizing silicon dioxide as well as other
types of layers on semiconductor wafers. Chemical mechanical polishing typically utilizes an abrasive slurry disbursed
in an alkaline or acidic solution to planarize the surface of the wafer through a combination of mechanical and chemical
action. A typical chemical mechanical polishing tool includes a rotatable circular platen or table on which a polishing
pad is mounted and a polishing device is positioned above the pad. The polishing device includes one or more rotating
carrier heads to which wafers can be secured typically through the use of vacuum pressure. In use, the platen is rotated
and an abrasive slurry is disbursed onto the polishing pad. Once the slurry has been applied to the polishing pad, a
downforce is applied to each rotating carrier head to press its wafer against the polishing pad. As the wafer is pressed
against the polishing pad, the surface of the wafer is mechanically and chemically polished.
[0003] As semiconductor devices are scaled down, the importance of chemical-mechanical planarization to the fab-
rication process increases. In particular, it becomes increasingly important to control removal rate variations between
wafers. Variations in removal rates effect the thicknesses of layers being polished. Variations in layer thicknesses
deleteriously impact subsequent fabrication steps, such as lithography, and degrade device performance. To further
complicate matters, the complexity of polishing tools is also increasing. For example, chemical mechanical polish tools
have moved from single-arm polishing tools to multi-arm polishing tools which can, for example, polish five wafers
simultaneously. The use of multiple polishing arms further contributes to variations in removal rates between wafers.
As a result of the increasing importance and complexity of chemical mechanical planarization, semiconductor manu-
facturers seek systems and methods for controlling chemical mechanical polish tools.
[0004] EP-A-0 770 455 discloses a conditioner apparatus for a chemical mechanical polishing system. The disclosure
relates to a conditioner apparatus which uses one or more linear conditioners. The linear conditioners extend from the
edge of the polishing pad almost to the center of the pad. The conditioner apparatus may use about a radial axis two
conditioner rods located on either side of radial segment. The rods gimbal so that if one rod rises, the other rod is
forced downwardly. In addition, the rods can pivot independently about a lateral axis, but they cannot pivot around the
vertical axis. The linear conditioners may be actuated by a piezoelectric member or swept by an arm towards and away
from the center of the polishing pad.
[0005] US 5 653 622 discloses a chemical mechanical polishing system for processing semiconductor wafers has
a polishing arm and carrier assembly that press the topside surface of a semiconductor wafer against a motor driven,
rotating polishing pad. Improved uniformity of material removal, as well as improved stability of material removal rate,
is achieved through the use of a controller that applies a variable wafer backside pressure to the wafers being polished.
More specifically, a control subsystem maintains a wafer count, corresponding to how many wafers have been polished
by the polishing pad. The control subsystem regulates the backside pressure applied to each wafer in accordance with
a predetermined function such that the backside pressure increases monotonically as the wafer count increases. In
the preferred embodiment, the control system regulates the backside pressure in accordance with a linear function of
the form: Backside Pressure=A+(B.times.Wafer Count). Whenever a new polishing pad is mounted, the wafer count
value is reset to a predefined minimum wafer count value and the backside pressure for the next wafer to be polished
is reset to a preset minimum backside pressure value.
[0006] US 5 665 199 discloses a method for developing and characterizing a polish process for polishing an interlayer
dielectric (ILD) layer for a specific product or a specific patterned metal layer is provided. A statistically-based model
for ILD planarization by chemical mechanical polish (CMP) is used as a guide to determine, in an empirical manner,
the proper amount of ILD polishing that will be required to planarize an ILD layer. The statistically-based model also
shows the resulting ILD thicknesses to be expected. By relating the blank test wafer polished amount to the maximum
amount of oxide removed from the field areas in the die and the total indicated range across the die, the ILD deposition
thickness can be adjusted to attain the desired planarized ILD thickness. The attainment of local planarity, however,
must be confirmed by an independent measurement technique. The polish process development methodology is ex-
tendible with respect to minimum interconnect feature size. This polish process development methodology can also
be applied to products requiring multiple planarizations for multiple levels of interconnects.
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Summary of the Invention

[0007] The present invention provides a system and method of controlling a polishing tool having multiple arms.
[0008] According to a preferred aspect, the present invention provides a method of controlling a polishing tool having
multiple arms, the method comprising:

determining a first removal rate for each arm based on a first wafer run;
determining a downforce adjustment input for each arm based on a process model for the arms; and
providing the downforce adjustment input for each arm to the polishing tool for polishing a subsequent run;

characterized in that the downforce adjustment input for each arm is determined by the process model that uses
each first removal rate as a function of the arm removal rates and the downforce adjustments of each of the arms.
[0009] According to a further aspect, the present invention provides a controller for controlling a polishing tool having
multiple arms, the controller comprising:

means for determining a first removal rate for each arm based on a first wafer run;
means for determining a downforce adjustment input for each arm based on a process model for the arms; and
means for providing the downforce adjustment input for each arm to the polishing tool for polishing a subsequent
run;

characterized in that the means for determining the downforce adjustment input for each arm includes the process
model that uses each first removal rate as a function of the arm removal rates and the downforce adjustments of each
of the arms.
[0010] The above summary of the present invention is not intended to describe each illustrated embodiment or im-
plementation of the present invention. The Figures and the detailed description which follow more particularly exemplify
these embodiments.

Brief Description of the Drawings

[0011] The invention may be more completely understood in consideration of the following detailed description of
various embodiments of the invention in connection with the accompanying drawings, in which:

Figure 1 illustrates a conventional polishing tool having multiple polishing arms;
Figure 2 is a graph illustrating arm-to-arm removal rate variation using conventional polishing techniques;
Figure 3 illustrates an exemplary polishing system in accordance with one embodiment of the invention;
Figure 4 is a flow chart illustrating an exemplary process for controlling a polishing tool in accordance with one
embodiment of the invention;
Figure 5 is a flow chart illustrating an exemplary process for controlling a polishing tool in accordance with another
embodiment of the invention;
Figure 6 illustrates performance benefits of an exemplary control system;
Figure 7 illustrates an exemplary polishing system in accordance with yet another embodiment of the invention; and
Figure 8 is a flow chart illustrating an exemplary process for controlling a polishing tool in accordance with another
embodiment of the invention.

[0012] While the invention is amenable to various modifications and alternative forms, specifics thereof have been
shown by way of example in the drawings and will be described in detail. It should be understood, however, that the
intention is not to limit the invention to the particular embodiments described. On the contrary, the intention is to cover
all modifications, equivalents, and alternatives falling within the spirit and scope of the invention as defined by the
appended claims.

Detailed Description

[0013] The present invention generally provides a system and method for controlling a polishing tool having multiple
arms. The invention, in particular, provides techniques for controlling the removal rate of each arm taking into account
the downforces applied by each of the arms. In this manner, removal rate variations between arms and between wafers
can be reduced. While the invention is not so limited, a more thorough understanding of the invention will be achieved
by reading the detailed description which follows.
[0014] By way of illustration, an exemplary multiple arm polishing tool is shown in Figure 1. The exemplary polishing
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tool 100 generally includes a polishing pad 110 mounted on a platen 112 and a multi-head carrier 120 positioned above
the polishing pad 110. The multi-head carrier 120 typically includes a plurality of rotatable polishing arms 122, each of
which includes a head 124. Wafers can be secured to the carrier heads 124 by known techniques such as vacuum
pressure. A source of polishing fluid (not shown) is also provided to supply polishing fluid to the pad 110 for polishing.
It should be appreciated that the polishing tool 100 is illustrated by way of example only. Moreover, the illustration of
a five arm polishing tool is also provided by way of example. The invention extends to cover the control of any multiple
arm polishing tool having more than one arm.
[0015] To effectuate polishing, the platen 112 is rotated at a typically constant table speed and downforces are applied
to each of the polishing arms for a predetermined time, based on expected removal rates. Conventionally, in order to
control removal rate variations, the post-polishing thickness of the polished layers are measured and compared against
a target post-polish thickness. When the difference in measured and target post-polish thickness exceeds a predeter-
mined threshold, for any given arm, the polishing tool is taken out of production and the downforces on the arms are
adjusted. These adjustments are determined by running a series of monitor wafers on the tool and applying different
downforces on the arms to determine the removal rate of an individual arm based on the downforce applied to the
individual arm. Then, the downforce on each arm is independently adjusted in attempt to re-center the process.
[0016] This conventional control process removes the tool for several hours and increases the cost of fabrication.
This process further fails to account for significant factors which effect the removal rate of a given polishing arm. In
particular, this process fails to account for removal rate variations resulting from interaction between the polishing arms.
As a result, conventional polishing techniques suffer from significant arm-to-arm removal rate variations. By way of
illustration, Figure 2 is an exemplary graph depicting removal rate variations across the arms of a five-arm polishing
tool using conventional polishing techniques. Specifically, Figure 2 depicts the range and standard deviation of removal
rates of the arms as a function of lot number. As can be seen, for a given wafer lot, removal rates between the arms
can vary up to about 7 angstroms/second with a standard deviation of about 3 angstroms per second. Depending upon
the polish time, such variations in removal rates can produce post-polish thicknesses varying by up to 20% from a
target post-polish thickness. The present invention provides polish tool control techniques which account for arm-to-
arm interaction and which can, for example, reduce arm-to-arm removal rate variations.
[0017] As has been determined, in multi-arm polishing tools, interaction between the polishing arms plays an impor-
tant role in removal rate variations between the arms. In particular, a downforce adjustment to any one of the arms of
a polishing tool will impact the physical condition of the polishing platen/pad resulting in changes in the polish charac-
teristics, such as removal rates, of the other arms of the polishing tool. According to the invention, the interaction
between the arms of a polishing tool having N arms may be modeled by the following relationship:

Where j represents a polish arm, ∆x represents the amount of material removed on the wafer of arm j, ∆t represents
the polish time, Rj represents the removal rate for polish arm j, ∆Fi represents the downforce adjustment (from a nominal
downforce) for polish arm i and Ki is a coefficient for polish arm i relating the downforce adjustment of polishing arm i
(∆Fi) to the removal rate for polishing arm j (Rj).
[0018] The above relationship modeling the dependence of each arm removal rate on the downforces of each of the
arms may be used to govern the control of polishing tools having more than one arm. A process model for a multi-arm
a polish tool may be rewritten in deviation form as follows:

Where Rk+1 is a vector representing the removal rates at each arm for a run k+1, vector Rk represents the removal
rates for each arm at run k, ∆Fk is a vector representing the downforce adjustments for the arms and the coefficient
matrix K defines the relationship between removal rate changes (Rk+1-Rk) and downforce adjustments ∆Fk. It is noted
that the downforce adjustment vector ∆Fk is input to the polishing tool at run k and applied to run k+1 to effect the
removal rate vector Rk+1. As used herein, run identifies a group of one or more batches of wafers which are polished
using the same downforce adjustments. The term wafer batch refers to a group of wafers loaded onto a polish arm. A
wafer batch may include production as well as nonproduction wafers. The above process model advantageously takes
into account the downforce adjustments on all of the arms in determining the change in removal rate for each arm and,
in this manner, accounts for the interaction between the polishing arms.

Rk+1=Rk+K∆Fk [2]
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[0019] Figure 3 illustrates an exemplary system for controlling a polish tool having multiple arms. The exemplary
system 300 includes two metrology tools 310 and 312 for measuring pre-polish thicknesses and post-polish thicknesses
of wafer layers (e.g., dielectric layers), respectively. It should be appreciated that while two metrology tools are illus-
trated, a single metrology tool may be used to perform both pre- and post-polish thickness measurements. The two
metrology tools 310 and 312 are coupled to a polish tool 320. A suitable metrology tool for many applications is the
Optiprobe metrology tool by Therma-Wave, Inc.. The system further includes a controller 330 coupled to the polishing
tool 320 for controlling the polishing tool. The controller 330 generally receives pre- and post-polish thickness meas-
urements from the metrology tools 310 and 312 and uses the thickness measurements to control the polish tool 320.
The exemplary controller 330 includes an "out of control" module (OOC module) 332 for determining when downforce
adjustments to the polish tool 320 are needed, and an optimizer module 334 which, when the tool moves out of control,
determines new downforce adjustments for the polish tool 320 using nonproduction wafer thickness data. The controller
may, for example, be a model predictive controller implemented using, for example, MatLab Optimization Toolbox®
routines. The controller 330 may be interfaced with the polish tool 320 using, for example, an Advance Process Control
Framework interface.
[0020] An exemplary process flow for the system 300 is illustrated in Figure 4. By way of example, this exemplary
process will be illustrated using a five-arm polish tool 320. At block 402, a first wafer batch (e.g., five wafers for a five
arm polish tool) is provided to the metrology tool 310 for measuring pre-polish thickness of the wafer layers to be
polished. The pre-polish thicknesses are provided to the controller 330 and typically stored thereby. The batch of wafers
is then loaded onto the carrier heads of the tool's polishing arms and the wafer batch is polished using a predetermined
downforce adjustment for each arm, as indicated at block 404. The downforce adjustments may be either calculated
by the optimizer module 334 at block 412 (as will be discussed below) or, for an initial run, predefined by an operator.
The polishing is typically performed at a predetermined table speed and a selected time which, based on expected
removal rate, provides for removal of a predetermined amount of material. The expected removal rate may be a mean
predicted removal rate for the arms calculated by the optimizer module 334 (e.g., at block 412) and input to the polish
tool 320. At block 406, the post-polish thicknesses of the wafer batch are determined and provided to the controller 320.
[0021] At blocks 408 and 410, the OOC module 332 determines whether the polish process is out of control. In the
illustrated embodiment, this is done by determining, for each arm, a difference between the post-polish thickness for
the wafer of the arm and a target thickness and updating a cumulative sum (CUSUM) for the arm with the difference,
as indicated at block 408. The OCC module 332 then checks to determine whether the CUSUM for any arm exceeds
a predetermined threshold as indicated at block 410. If not, control moves to block 402 and another wafer batch is
processed using the same downforce adjustments. If the CUSUM data for any arm exceeds the predetermined thresh-
old, control moves to block 412 where the optimizer module 334 determines new downforce adjustments (which will
be applied to a subsequent production wafer run) for the arms using nonproduct test wafers. The CUSUM for each
arm is also reset. A mean predicted removal rate for the subsequent wafer run may also be determined using the new
downforce adjustments. Details of block 410 are illustrated in Figure 5. Control then moves to block 414 where the
new downforce adjustments are provided to the polish tool 320. The mean predicted removal rate may also be provided
to the polish tool 320 so the tool may calculate a polish time. Another wafer batch is then processed using downforces
adjusted by the downforce adjustments determined by the optimizer module 334 at block 412.
[0022] Figure 5 illustrates an exemplary process flow for determining downforce adjustments using test wafers. The
test wafers may, for example, be bare silicon wafers with a relatively thick (e.g., 20,000 Angstrom) blanket layer of
oxide on top. At block 502, one or more batches of test wafers are polished. The removal rate for each arm is then
determined, as indicated at block 504. This is done using pre- and post-polish thickness measurements for the test
wafer batch(es) and the polish time for each wafer batch. For example, the removal rate of a given arm may simply be
the difference in post- and pre-polish thickness for the wafer polished by the arm divided by the polish time. The polish
time may be provided to the controller 320 from the polish tool 320. Where multiple batches are polished, an average
removal rate for each arm is determined. Using the optimizer module 334, new downforce adjustments for the arms
are determined, as indicated at block 506. Typically, the optimizer module 334 solves an optimization equation using
the removal rates determined at block 504 and a relationship between arm removal rates and arm downforce adjust-
ments. Details of an exemplary optimization equation are discussed below. If desired, the new downforce adjustments
may now be used for polishing production wafer batches. In the illustrated embodiment, a verification batch of test
wafers is polished using the new downforce adjustments to verify a return to an "in-control" state. The verification may
be performed by determining whether the difference between the post-polish thickness of any verification batch wafer
layer and an expected thickness falls below a predetermined threshold. If not, control moves to block 414, where the
new downforce adjustments are provided to the polish tool 320 for polishing a subsequent production wafer run. Oth-
erwise, control returns to block 502 to recalculate new downforce adjustments.
[0023] As noted above, the new downforce adjustments are determined by solving an optimization equation. The
optimization equation is typically dependent upon downforce adjustments and removal rates. One suitable optimization
equation which minimizes the variance of predicted removal rates for a subsequent run is:
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Where Rk+1 is the mean of the predicted removal rates. The optimization equation [3] above may be solved to minimize
the variation in predicted removal rates for run k+1 across the polish arms using the mean of the removal rates at run
k as the desired mean removal rates for run k+1. In accordance with one embodiment of the invention, the downforce
adjustments are determined using the optimization equation [3] subject to the process model [2] and operational con-
straints. The operational constraints may, for example, require that the sum of the downforce adjustments equals 0
(Σ∆Fk,i=0) and/or that each downforce (Fk=Fnominal+Fk) is bound by an upper bound and a lower bound (BL≤Fk≤BU).
[0024] Incorporation of the process model:

and process constraints:

into the optimization equation [3] and characterizing the optimization equation [3] in terms of downforce adjustments,
yields the optimization equation set forth below.

subject to

where

min J(∆Fk )= [Rk+1 - Rk+1]T[Rk+1 - Rk+1] [3]

Rk+1=Rk + K∆Fk [4]

Σ∆Fk,i=0

BL≤Fk≤BU [5]

min J(∆Fk )= ∆Fk
TKTQK∆Fk+2*∆Fk

TBTQRk [6]

∆FK=[∆FA ∆FB ∆FC ∆FD ∆FE]K
T
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The optimization equation may then be solved for the downforce adjustments (∆Fk) for a subsequent run (k+1) using
a predetermined coefficient matrix K and the removal rate vector for run k (Rk).
[0025] The coefficient matrix K can vary depending on the polishing tool as well as the layer being polished. For a
given polishing tool, a coefficient matrix K may be determined using test wafers. For example, test wafers (e.g., bare
silicon wafers with approximately 20,000 angstroms of deposited oxide) may be used to experimentally determine a
coefficient matrix K for a polishing tool. This may be done by polishing a number of test wafer batches with a variety
of downforce adjustments on each of the polishing arms and determining arm removal rates as a function of downforce
adjustments using known techniques. One suitable technique includes using the auto-regressive with exogenous inputs
(arx) modeling function provided in the MatLab™ system identification tool box.
[0026] Figure 6 is an exemplary graph illustrating the performance benefits of the control system and process illus-
trated in Figures 3-5 as compared to conventional controller techniques. Specifically, Figure 6 shows the reduction in
removal rate variation range and the reduction in standard deviation when using the control system and process illus-
trated in Figures 3-5 as compared to conventional controller techniques. As can be seen, the above described control
system and process reduced both the range and standard deviation of removal rates for each trial. While the results
were varied due to the large natural variation in the process, improvements were shown in each trial. In some, an
average reduction of 42% in both range and standard deviation was seen over the 13 trial.
[0027] Figure 7 illustrates another exemplary system for controlling a polish tool having multiple arms. The exemplary
system 700 advantageously use production wafer data rather than test wafer data for controlling the downforce ad-
justment for each arm of a polish tool. The system 700 includes two metrology tools 710 and 712, coupled to a polish
tool 720, for measuring pre-polish thicknesses and post-polish thicknesses, respectively. The system 700 further in-
cludes a controller 730 coupled to the polishing tool 720 for controlling the polishing tool based on production wafer
thickness data. The controller 730 generally receives pre- and post-polish thickness measurements of production wa-
fers from the metrology tools 710 and 712 and uses these thickness measurements to control the polish tool 720. The
exemplary controller 730 may include a gating module 732 for determining when to adjust downforces of the polishing
arms on the tool 720, and an optimizer module 734 which, when allowed by the gating module, determines downforce
adjustments for the processing tool 720 based on production wafer thickness data. The controller 720 may, for example,
be a model predictive controller implemented using, for example, MatLab Optimization Toolbox® routines and an Ad-
vance Process Control Framework interface.
[0028] An exemplary process flow for the system 700 is illustrated in Figure 8. By way of illustration only, this process
flow will also be described with reference to a five-arm polish tool 720. At block 802, a topology factor for each wafer
layer of a first wafer batch (e.g., five wafers for a five arm polish tool) is provided to the controller 730. The topology
factor, as will be discussed below, is a predetermined factor associated with each layer of a wafer which accounts for
different coefficient matrices K for each wafer layer as compared to test wafers. At block 802, the first wafer batch is
provided to the metrology tool 610 for measuring pre-polish thicknesses of the wafer layers to be polished. The pre-
polish thicknesses are provided to the controller 730. The batch of wafers is then loaded onto the carrier heads of the
tool's polishing arms and the wafers are polished using a downforce adjustment for each arm, as indicated at block
806. The downforce adjustments may either be calculated by the optimizer module 734 at block 814 (as will be dis-
cussed below) or, for an initial run, predefined, for example, by an operator. The polishing is typically performed at a
predetermined table speed and a selected time which, based on expected removal rate, provides for removal of a
predetermined amount of material. The expected removal rate may be a mean predicted removal rate calculated by
the optimizer module 734 (e.g., at block 814) and input to the polish tool 720.
[0029] At block 808, the post-polish thicknesses of the wafer batch are determined and provided to the controller
720. Using the post and pre-polish thickness data, the gating module 722 updates a cumulative sum (CUSUM) chart
for each arm, as indicated at block 810. The CUSUM chart may be updated by determining, for each arm, a difference
between the post-polish thickness of the wafer polished by the arm and a target thickness and adding this difference

RK =[RA RB RC RD RE]K
T
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to the CUSUM chart for the arm. The gating module then checks to determine whether the CUSUM chart for any arm
exceeds a predetermined threshold, as indicated at block 812. If not, control moves to block 802 and another wafer
batch is processed using the same downforce adjustment inputs. If the CUSUM chart for any arm exceeds the prede-
termined threshold, control moves to block 814 where the optimizer module 734 determines new downforce adjust-
ments for the arms using production wafer topology factors and pre- and post-polish production wafer thickness data.
The CUSUM chart for each arm is also reset. Typically, the optimizer module 734 solves an optimization equation
(based on a process model for production wafers) using arm removal rates and a relationship between arm removal
rates and arm downforce adjustments. The arm removal rates may be determined using post- and pre-polish thickness
data for the production wafers and polish time as discussed above, for example. Where multiple batches are polished
during a run, average removal rates for the arms may be used. Details of an exemplary optimization equation are
discussed below. Control then moves to block 816 where the downforce adjustment inputs are provided to the polish
tool 720. The mean predicted removal rate for the next run may also be provided so the polish tool can calculate polish
time. Another run is then processed using downforces adjusted by the new downforce adjustment inputs.
[0030] The process model for controlling the polish tool using production wafer data is complicated due to the fact
that each wafer layer to be polished is associated with a unique coefficient matrix K. To accommodate the different
coefficient matrices found during production, the relationship between removal rates of production wafers and the
removal rates of test or blanket wafers (e.g., bare silicon wafers with a blanket layer of oxide) may be modeled by the
following relationship:

wherein Tf is a topology factor associated with a given wafer layer and wafer. The topology factor Tf for each layer of
each wafer may be experimentally determined prior to implementing the control system. Using the topology model [7]
above, a suitable process model for the control system may be

Using this process model, an optimization equation dependent upon downforce adjustments and removal rates may
be determined. One optimization equation, which may be used by the controller, minimizes the variance of predicted
removal rates at lot k+1 and is expresses as follows:

Where blanket,k+1 is the mean of the predicted blanket removal rates at run k+1. The optimization equation [9] above
may be solved to minimize the variation in predicted removal rates for run k+1 across the polish arms using the mean
of the removal rates at run k as the desired mean removal rates for run k+1. In accordance with one embodiment of
the invention, the downforce adjustments are determined using the optimization equation [9] subject to the process
model [8] and operational constraints, such as (Σ∆Fk,i=0) and (BL≤Fk≤BU).
[0031] Incorporation of the process model:

and process constraints:

Rproduct = Tf*Rblanket [7]

Rblanket, k+1=Rblanket, k + K∆Fk [8]

Rproduct = Tf*Rblanket

min J(∆Fk )= [Rblanket,k+1 - Rblanket,k+1]T[Rblanket,k+1 - Rblanket,k+1] [9]

R

Rblanket, k+1=Rblanket, k + K∆Fk

Rproduct = Tf*Rblanket [10]

Σ∆Fk,i=0 [12]
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and characterizing the optimization equation [9] in terms of downforce adjustments, yields the optimization equation
set forth below.

subject to

where

The optimization function may be solved by the optimizer module 734 for the downforce adjustments (∆Fk) for a sub-
sequent run (k+1) using a predetermined coefficient matrix K (e.g., for a blanket test wafer) and blanket removal rates
at run k (Rk).
[0032] In another embodiment, the controller 730 uses a filter for reducing the effects of noise. An exemplary process
model incorporating a filter may be:

BL≤Fk≤BU [12]

min J(∆Fk )= ∆Fk
TKTQK∆Fk+2*∆Fk

TBTQRblanket,k

∆FK =[∆FA ∆FB ∆FC ∆FD ∆FE]K
T

RK =[RA RB RC RD RE]K
T
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where λ is a filter parameter which rejects noise in the system. The parameter λ ranges from 0 to 1 and is typically
selected in consideration of process variance. For systems with high correlation in model residuals, a larger value (e.
g., 0.7 to 1.0) of λ is typically used. In systems where natural variance dominates the correlation between residuals,
a smaller value (e.g., 0.1 to 0.3) of λ is typically used. Using the process model above, an appropriate optimization
equation may be determined and applied for controlling the downforce adjustments of the polishing arms.
[0033] Using the above control system, interactions between the polishing arms of a multi-arm polish tool are taken
into account and arm-to-arm variations in removal rates are reduced as compared to conventional polish tool control
techniques. Furthermore, by relying on production wafer data to control polishing, the above system provides a more
efficient polishing process and improves wafer throughput. The use of a gating module adds deadband to the control
system and further enhances control of the polish tool. However, if desired, a gating module may be omitted.

Claims

1. A method of controlling a polishing tool having multiple arms, the method comprising:

determining a first removal rate for each arm (122) based on a first wafer run (406);
determining a downforce adjustment input for each arm based on a process model for the arms (412); and
providing the downforce adjustment input for each arm to the polishing tool for polishing a subsequent run
(412);

characterized in that the downforce adjustment input for each arm is determined by the process model that
uses each first removal rate as a function of the arm removal rates and the downforce adjustments of each of the
arms (414).

2. The method of claim 1, wherein determining the downforce adjustment input includes minimizing an optimization
equation based on the process model and predicted removal rates for the subsequent run.

3. The method of claim 1, wherein the process model is:

where Rk+1 is a vector representing predicted removal rates for a run k+1, Rk is a vector representing removal
rates at a run k, ∆Fk is a vector representing downforce adjustments for run k, and K is a matrix of coefficients
relating arm removal rates to arm downforce adjustments.

4. A controller for controlling a polishing tool having multiple arms, the controller comprising:

means for determining a first removal rate for each arm (122) based on a first wafer run (312);
means for determining a downforce adjustment input for each arm based on a process model for the arms
(330); and
means for providing the downforce adjustment input for each arm to the polishing tool for polishing a subse-
quent run (334);

characterized in that the means for determining the downforce adjustment input for each arm includes the
process model that uses each first removal rate as a function of the arm removal rates and the downforce adjust-
ments of each of the arms (334).

5. The controller of claim 4, wherein means for determining the downforce adjustment input includes means for min-
imizing an optimization equation based on the process model and predicted removal rates for the subsequent run.

R
^

blanket, k+1=R
^

blanket, k + K∆Fk+λ[ Rproduct - Tf*R
^

blanket,k]

Rproduct = Tf*Rblanket [14]

Rk+1 = Rk+K∆Fk
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6. The controller of claim 4, wherein the process model is:

where Rk+1 is a vector representing predicted removal rates for a run k+1, Rk is a vector representing removal
rates at a run k, ∆Fk is a vector representing downforce adjustments for run k, and K is a matrix of coefficients
relating arm removal rates to arm downforce adjustments.

Patentansprüche

1. Verfahren zum Steuern eines Polierwerkzeugs mit mehreren Armen, mit folgenden Schritten:

Bestimmen einer ersten Abtragrate für jeden Arm (122) auf der Basis eines ersten Wafer-Durchlaufs (406);
Bestimmen der Einstelleingabeparameter für die nach unten gerichtete Kraft jedes Arms auf der Basis eines
Prozessmodells für die Arme (412); und
Liefern der Einstelleingabeparameter für die nach unten gerichtete Kraft jedes Arms an das Polierwerkzeug
für einen Poliervorgang in einem nachfolgenden Durchlauf (412);

dadurch gekennzeichnet, dass
die Einstelleingabeparameter für die nach unten gerichtete Kraft jedes Arms von dem Prozessmodell bestimmt
wird, das jede erste Abtragrate als Funktion der Abtragraten des Arms und der Einstellungen der nach unten
gerichteten Kraft jedes Arms (414) verwendet.

2. Verfahren nach Anspruch 1, bei dem das Bestimmen der Einstelleingabeparameter für die nach unten gerichtete
Kraft das Minimieren einer Optimierungsgleichung auf der Basis des Prozessmodells und der vorhergesagten
Abtragraten für den nachfolgenden Durchlauf umfasst.

3. Verfahren nach Anspruch 1, bei dem das Prozessmodell wie folgt lautet:

wobei Rk+1 ein die vorhergesagten Abtragraten für den (k+1)-ten Durchlauf repräsentierender Vektor ist, Rk ein
die Abtragraten bei dem k-ten Durchlauf repräsentierender Vektor ist, ∆Fk ein die Einstellungen der nach unten
gerichteten Kraft für den k-ten Durchlauf repräsentierender Vektor ist und K eine Koeffizientenmatrix ist, die die
Abtragraten der Arme mit den Einstellungen der nach unten gerichteten Kraft der Arme in Beziehung setzt.

4. Steuereinrichtung zum Steuern eines Polierwerkzeugs mit mehreren Armen, mit:

einer Einrichtung zum Bestimmen einer ersten Abtragrate für jeden Arm (122) auf der Basis eines ersten
Wafer-Durchlaufs (312);
einer Einrichtung zum Bestimmen der Einstelleingabeparameter für eine nach unten gerichtete Kraft jedes
Arms auf der Basis eines Prozessmodells für die Arme (330); und
einer Einrichtung zum Liefern der Einstelleingabeparameter für die nach unten gerichtete Kraft jedes Arms
an das Polierwerkzeug für einen Poliervorgang in einem nachfolgenden Durchlauf (334);

dadurch gekennzeichnet, dass
die Einrichtung zum Bestimmen der Einstelleingabeparameter für die nach unten gerichtete Kraft jedes Arms das
Prozessmodell aufweist, das jede erste Abtragrate als eine Funktion der Abtragraten der Arme und der Einstel-
lungen der nach unten gerichteten Kraft jedes Arms (334) verwendet.

5. Steuereinrichtung nach Anspruch 4, bei der die Einrichtung zum Bestimmen der Einstelleingabeparameter der
nach unten gerichteten Kraft eine Einrichtung zum Minimieren einer Optimierungsgleichung auf der Basis des
Prozessmodells und der vorhergesagten Abtragraten für den nachfolgenden Durchlauf aufweist.

6. Steuereinrichtung nach Anspruch 4, bei der das Prozessmodell wie folgt lautet:

Rk+1 = Rk+K∆Fk

Rk+1 = Rk + K∆Fk
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wobei Rk+1 ein die vorhergesagten Abtragraten für den (k+1)-ten Durchlauf repräsentierender Vektor ist, Rk ein
die Abtragraten bei dem k-ten Durchlauf repräsentierender Vektor ist, ∆Fk ein die Einstellungen der nach unten
gerichteten Kraft für den k-ten Durchlauf repräsentierender Vektor ist und K eine Koeffrzientenmatrix ist, die die
Abtragraten der Arme mit den Einstellungen der nach unten gerichteten Kraft der Arme in Beziehung setzt.

Revendications

1. Procédé de contrôle d'un instrument de polissage ayant de multiples bras, le procédé comprenant les étapes
consistant à :

déterminer un premier taux d'élimination de chaque bras (122) basé sur un premier passage de plaquette
(406) ;
déterminer une entrée de correction de la force pour chaque bras basée sur le modèle de traitement pour les
bras (412) ; et
proposer l'entrée d'ajustement de correction de la force pour chaque bras à l'instrument de polissage pour
polir un passage (412) suivant ;

caractérisé en ce que l'entrée de correction de la force pour chaque bras est déterminée par le modèle de
traitement qui utilise chaque premier taux d'élimination comme fonction des taux d'élimination de bras et des
corrections de la force de chacun des bras (414).

2. Procédé selon la revendication 1, dans lequel l'étape de détermination de l'entrée de correction de la force com-
prend une minimisation d'une équation d'optimisation basée sur le modèle de traitement et des taux d'élimination
prédits pour le passage suivant.

3. Procédé selon la revendication 1, dans lequel le modèle de traitement est :

où Rk+1 est un vecteur représentant les taux d'élimination prévus à un passage k+1, Rk est un vecteur re-
présentant des taux d'élimination à un passage k, ∆Fk est un vecteur représentant des corrections de la force pour
un passage k, et K est une matrice des coefficients se rapportant aux taux d'élimination d'un bras pour une cor-
rection de la force d'un bras.

4. Contrôleur pour contrôler un instrument de polissage ayant de multiples bras, le contrôleur comprenant :

un moyen pour déterminer le premier taux d'élimination pour chaque bras (122) basé sur le premier passage
de plaquette (312) ;
un moyen pour déterminer une entrée de correction de la force pour chaque bras basé sur un traitement de
modèle de traitement pour les bras (330) ; et
un moyen pour proposer une entrée de correction de la force pour chaque bras de l'instrument de polissage
pour polir un passage suivant (334) ;

caractérisé en ce que le moyen pour déterminer l'entrée de correction de la force pour chaque bras com-
prend le traitement de modèle qui utilise chaque premier taux d'élimination comme une fonction des taux d'élimi-
nation de bras et les corrections d'ajustement de chacun des bras (334).

5. Contrôleur selon la revendication 4, dans lequel le moyen de déterminer l'entrée de correction de la force comprend
un moyen de minimisation d'une équation d'optimisation basée sur le modèle de traitement et des taux d'élimination
prédits pour le passage suivant.

6. Contrôleur de la revendication 4, dans lequel le modèle de traitement est :

Rk+1 = Rk + K∆Fk

Rk+1 = Rk+K∆Fk
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où Rk+1 est un vecteur représentant les taux d'élimination prédits à un passage k+1, Rk est un vecteur re-
présentant des taux d'élimination à un passage k, ∆Fk est un vecteur représentant des corrections de la force pour
un passage k, et K est une matrice des coefficients se rapportant aux taux d'élimination d'un bras pour une cor-
rection de la force.

Rk+1 = Rk+K∆Fk
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