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DESCRIPTION 

Title of Invention 

CHEMICAL MECHANICAL POLISHING SYSTEM FOR A WORKPIECE, 

ARITHMETIC SYSTEM, AND METHOD OF PRODUCING SIMULATION MODEL 

FOR CHEMICAL MECHANICAL POLISHING  5 

 

Technical Field 

[0001] The present invention relates to a chemical mechanical polishing system for 

polishing a surface of a workpieces, such as wafer, substrate, or panel, and particularly 

relates to a cyber-physical system that optimizes a simulation model for chemical 10 

mechanical polishing based on actual measurement data of chemical mechanical 

polishing. 

Background Art 

[0002] In manufacturing of semiconductor devices, various types of films are formed on 

a wafer.  After the film forming process, the wafer is polished in order to remove 15 

unnecessary parts of the film and surface irregularities.  Chemical mechanical polishing 

(CMP) is a typical technique for the wafer polishing.  CMP is performed by rubbing the 

wafer against a polishing surface while supplying slurry onto the polishing surface.  A 

film that forms the surface of the wafer is polished by a combination of a chemical action 

of the slurry and a mechanical action of abrasive grains contained in the slurry. 20 

[0003] Simulation techniques for wafer polishing have been developed for the purpose 

of estimating a film thickness of a wafer and detecting an end point of wafer polishing.  

Machine learning, such as deep learning, is a typical technique for polishing simulation.  

For example, a model constituted of a neural network is created by machine learning, and 

polishing conditions for a wafer are input into the model, so that an estimated value of a 25 

polishing result is output from the model.  Polishing estimation by such machine 

learning is expected as a technique capable of obtaining an estimation result closer to 

actual polishing. 
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Citation List 

Patent Literature 

[0004] Patent document 1: Japanese laid-open patent publication No. 2012-74574 

Summary of Invention 

Technical Problem 5 

[0005] However, a large amount of training data (so-called big data) is required for the 

operations of producing a model by the machine learning.  In particular, in order to 

create a model that can output more accurate polishing result, a larger amount of data is 

required.  As a result, it takes a long time to create the model.  Furthermore, since the 

model itself has a complicated structure, it takes a relatively long time for the model to 10 

output the polishing result. 

[0006] In addition, the model constituted of the neural network is a so-called black box, 

and it is unknown what structure it has (or what weight parameters it has).  Therefore, if 

an actual polishing result and the polishing result output from the model are different, it is 

impossible to identify a part to be corrected in the model.  In order to correct the model, 15 

additional training data is required and it takes a long time to correct the model. 

[0007] Therefore, the present invention provides a chemical mechanical polishing 

system and an arithmetic system capable of accurately and quickly estimate a result of 

polishing of a workpiece, such as a wafer, by using a physical model.  The present 

invention also relates to a method of producing a simulation model for chemical 20 

mechanical polishing. 

Solution to Problem 

[0008] In an embodiment, there is provided a chemical mechanical polishing system 

comprising: a polishing table configured to support a polishing pad having a polishing 

surface; a polishing head configured to press a workpiece against the polishing surface; a 25 

slurry supply nozzle configured to supply slurry onto the polishing surface; and an 

arithmetic system having a memory storing therein a simulation model including at least a 

physical model configured to output an estimated polishing physical quantity including an 
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estimated polishing rate of the workpiece, the arithmetic system being configured to input 

polishing conditions for the workpiece into the simulation model; output the estimated 

polishing physical quantity of the workpiece from the simulation model; and determine 

model parameters of the simulation model that bring the estimated polishing physical 

quantity closer to a measured polishing physical quantity of the workpiece. 5 

[0009] In an embodiment, the physical model includes a polishing-rate model 

configured to calculate the estimated polishing rate of the workpiece, and a polishing-

torque model configured to calculate an estimated value of torque generated due to a 

sliding resistance of the polishing pad. 

 In an embodiment, the polishing-torque model includes a head rotation torque 10 

model configured to calculate an estimated value of a polishing-head rotation torque for 

rotating the polishing head and the workpiece on the polishing pad about an axis of the 

polishing head, and a pad rotation torque model configured to calculate an estimated 

value of a polishing-pad rotation torque for rotating the polishing pad about an axis of the 

polishing pad. 15 

 In an embodiment, the chemical mechanical polishing system further comprises 

a dresser configured to dress the polishing surface, wherein the polishing-torque model 

includes a dresser rotation torque model configured to calculate an estimated value of a 

dresser rotation torque for rotating the dresser on the polishing pad about an axis of the 

dresser, and a dresser oscillation torque model configured to calculate an estimated value 20 

of the dresser oscillation torque around an oscillation axis required for the dresser to 

oscillate on the polishing pad. 

 In an embodiment, the simulation model further includes a mathematical model 

representing a deterioration of the polishing pad with a passage of a polishing time. 

 In an embodiment, the arithmetic system is configured to: input the polishing 25 

conditions to the simulation model having the determined model parameters to calculate 

an updated estimated polishing physical quantity; and evaluate a difference between the 

updated estimated polishing physical quantity and the measured polishing physical 
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quantity. 

[0010] In an embodiment, there is provided an arithmetic system for creating a 

simulation model for chemical mechanical polishing, comprising: a memory storing a 

program and the simulation model therein; a processor configured to perform operations 

according to instructions included in the program, wherein the simulation model includes 5 

at least a physical model configured to output an estimated polishing physical quantity 

including an estimated polishing rate of a workpiece when chemically mechanically 

polished, the arithmetic system being configured to input polishing conditions for the 

workpiece into the simulation model; output the estimated polishing physical quantity of 

the workpiece from the simulation model; and determine model parameters of the 10 

simulation model that bring the estimated polishing physical quantity closer to a 

measured polishing physical quantity of the workpiece. 

[0011] In an embodiment, there is provided a method of producing a simulation model 

for chemical mechanical polishing, comprising: inputting polishing conditions for a 

workpiece into the simulation model, the simulation model including at least a physical 15 

model configured to output an estimated polishing physical quantity including an 

estimated polishing rate of the workpiece; outputting the estimated polishing physical 

quantity of the workpiece from the simulation model; polishing the workpiece using a 

polishing apparatus; and determining model parameters of the simulation model that bring 

the estimated polishing physical quantity closer to a measured polishing physical quantity 20 

of the workpiece, wherein the polishing apparatus includes: a polishing table configured 

to support a polishing pad having a polishing surface; a polishing head configured to 

press the workpiece against the polishing surface; and a slurry supply nozzle configured 

to supply slurry onto the polishing surface. 

[0012] In an embodiment, the physical model includes a polishing-rate model 25 

configured to calculate the estimated polishing rate of the workpiece, and a polishing-

torque model configured to calculate an estimated value of torque generated due to a 

sliding resistance of the polishing pad. 
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 In an embodiment, the polishing-torque model includes a head rotation torque 

model configured to calculate an estimated value of a polishing-head rotation torque for 

rotating the polishing head and the workpiece on the polishing pad about an axis of the 

polishing head, and a pad rotation torque model configured to calculate an estimated 

value of a polishing-pad rotation torque for rotating the polishing pad about an axis of the 5 

polishing pad. 

 In an embodiment, the polishing apparatus further includes a dresser configured 

to dress the polishing surface, wherein the polishing-torque model includes a dresser 

rotation torque model configured to calculate an estimated value of a dresser rotation 

torque for rotating the dresser on the polishing pad about an axis of the dresser, and a 10 

dresser oscillation torque model configured to calculate an estimated value of the dresser 

oscillation torque around an oscillation axis required for the dresser to oscillate on the 

polishing pad. 

 In an embodiment, the simulation model further includes a mathematical model 

representing a deterioration of the polishing pad with a passage of a polishing time. 15 

 In an embodiment, the method further comprises: inputting the polishing 

conditions to the simulation model having the determined model parameters to calculate 

an updated estimated polishing physical quantity; and evaluating a difference between the 

updated estimated polishing physical quantity and the measured polishing physical 

quantity. 20 

[0013] In an embodiment, there is provided a method of producing a simulation model 

for chemical mechanical polishing, comprising: inputting polishing conditions for a 

workpiece into the simulation model, the simulation model including at least a physical 

model configured to output an estimated polishing physical quantity including an 

estimated polishing rate of the workpiece; outputting the estimated polishing physical 25 

quantity of the workpiece from the simulation model; and determining model parameters 

of the simulation model that bring the estimated polishing physical quantity closer to a 

measured polishing physical quantity of the workpiece. 



 

6 

Advantageous Effects of Invention 

[0014] The physical model included in the simulation model is a virtual chemical 

mechanical polishing system that imitates an actual polishing apparatus.  The model 

parameters that construct the simulation model are identified based on a difference 

between the measured polishing physical quantity (e.g., a measured polishing rate, a 5 

measured machine torque, etc.) obtained from the actual polishing apparatus and the 

estimated polishing physical quantity (e.g., an estimated polishing rate, an estimated 

machine torque, etc.) obtained from the simulation model.  More specifically, the model 

parameters for bringing the estimated polishing physical quantity closer to the measured 

polishing physical quantity are determined.  Therefore, the simulation model can 10 

accurately calculate an estimated polishing rate of a workpiece.  In particular, since the 

creation of the physical model does not require so-called big data, the simulation model 

can calculate the result more quickly than a model used in the machine learning. 

[0015] 

[FIG. 1] FIG. 1 is a schematic diagram showing an embodiment of a chemical mechanical 15 

polishing system; 

[FIG. 2] FIG. 2 is a cross-sectional diagram of a polishing head shown in FIG. 1; 

[FIG. 3] FIG. 3 is a flowchart explaining a method of identifying unknown model 

parameters of a simulation model;  

[FIG. 4] FIG. 4 is a schematic diagram showing velocity vectors on the polishing head, a 20 

workpiece, and a dresser on a polishing pad;  

[FIG. 5] FIG. 5 is a schematic diagram explaining a pad rotation torque model;  

[FIG. 6] FIG. 6 is a schematic diagram showing a distribution of coefficients of friction 

of a workpiece;  

[FIG. 7] FIG. 7 is a diagram explaining a position of a minute area on a workpiece; 25 

[FIG. 8] FIG. 8 is a graph showing a relationship between torque of the polishing pad and 

polishing time; and  

[FIG. 9] FIG. 9 is a graph showing a fitting function. 
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Description of Embodiments 

[0016] Hereinafter, embodiments of the present invention will be described with 

reference to the drawings.  FIG. 1 is a schematic diagram showing an embodiment of a 

chemical mechanical polishing system.  As shown in FIG. 1, the chemical mechanical 5 

polishing system includes a polishing apparatus 1 configured to chemically mechanically 

polish a workpiece W.  The polishing apparatus 1 includes a polishing table 5 configured 

to support a polishing pad 2 having a polishing surface 2a, a polishing head 7 configured 

to press the workpiece W (e.g., a wafer, a substrate, or a panel) against the polishing 

surface 2a, a slurry supply nozzle 8 configured to supply slurry containing abrasive grains 10 

onto the polishing surface 2a, and an operation controller 80 configured to control 

operations of the polishing apparatus 1.  The polishing head 7 is configured to be able to 

hold the workpiece W on a lower surface of the polishing head 7. 

[0017] The polishing apparatus 1 further includes a support shaft 14, a polishing-head 

oscillation arm 16 coupled to an upper end of the support shaft 14 and configured to 15 

oscillate the polishing head 7, a polishing-head shaft 18 rotatably supported by a free end 

of the polishing-head oscillation arm 16, and a polishing-head rotating motor 20 

configured to rotate the polishing head 7 about its axis.  The polishing-head rotating 

motor 20 is arranged in the polishing-head oscillation arm 16 and is coupled to the 

polishing-head shaft 18 via a torque transmission mechanism (not shown) composed of a 20 

belt, pulleys, etc.  The polishing head 7 is coupled to a lower end of the polishing-head 

shaft 18.  The polishing-head rotating motor 20 rotates the polishing-head shaft 18 via 

the torque transmission mechanism, and the polishing head 7 rotates together with the 

polishing-head shaft 18.  In this way, the polishing head 7 is rotated about its axis by the 

polishing-head rotating motor 20 in a direction indicated by arrow. 25 

[0018] The polishing apparatus 1 further includes a table rotating motor 21 configured 

to rotate the polishing pad 2 and the polishing table 5 about their axes.  The table 

rotating motor 21 is arranged below the polishing table 5, and the polishing table 5 is 
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coupled to the table rotating motor 21 via a table shaft 5a.  The polishing table 5 and the 

polishing pad 2 are rotated by the table rotating motor 21 about the table shaft 5a in a 

direction indicated by arrow.  The axes of the polishing pad 2 and the polishing table 5 

coincide with the axis of the table shaft 5a.  The polishing pad 2 is attached to an upper 

surface of the polishing table 5.  An upper surface of the polishing pad 2 constitutes the 5 

polishing surface 2a for polishing the workpiece W, such as wafer. 

[0019] The polishing-head shaft 18 is movable up and down relative to the polishing-

head oscillation arm 16 by an elevating mechanism 24.  This vertical movement of the 

polishing-head shaft 18 causes the polishing head 7 to move up and down relative to the 

polishing-head oscillation arm 16.  A rotary joint 25 is attached to an upper end of the 10 

polishing-head shaft 18. 

[0020] The polishing apparatus 1 further includes a polishing-head oscillation motor 22 

configured to oscillate the polishing head 7 on the polishing surface 2a.  The polishing-

head oscillation motor 22 is coupled to the polishing-head oscillation arm 16.  The 

polishing-head oscillation arm 16 is configured to be rotatable about the support shaft 14.  15 

The polishing-head oscillation motor 22 is configured to swing the polishing-head 

oscillation arm 16 clockwise and counterclockwise by a predetermined angle around the 

support shaft 14, so that the polishing head 7 oscillates on the polishing pad 2 while the 

polishing head 7 is pressing the workpiece W against the polishing surface 2a of the 

polishing pad 2.   20 

[0021] In the present embodiment, the polishing-head oscillation motor 22 is mounted 

to the upper end of the support shaft 14, and is arranged so as to swing the polishing-head 

oscillation arm 16 without rotating the support shaft 14.  In one embodiment, the 

polishing-head oscillation arm 16 may be fixed to the support shaft 14, and the polishing-

head oscillation motor 22 may be coupled to the support shaft 14 so as to rotate the 25 

support shaft 14 together with the polishing-head oscillation arm 16.   

[0022] The elevating mechanism 24 for elevating and lowering the polishing-head shaft 

18 and the polishing head 7 includes a bearing 26 that rotatably supports the polishing-
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head shaft 18, a bridge 28 to which the bearing 26 is fixed, a ball screw mechanism 32 

attached to the bridge 28, a support base 29 supported by support columns 30, and a 

servomotor 38 fixed to the support base 29.  The support base 29 that supports the 

servomotor 38 is coupled to the polishing-head oscillation arm 16 via the support columns 

30. 5 

[0023] The ball screw mechanism 32 includes a screw shaft 32a coupled to the 

servomotor 38 and a nut 32b into which the screw shaft 32a is screwed.  The nut 32b is 

fixed to the bridge 28.  The polishing-head shaft 18 is movable up and down (movable in 

the vertical direction) together with the bridge 28.  Therefore, when the servomotor 38 

drives the ball screw mechanism 32, the bridge 28 moves up and down, thus causing the 10 

polishing-head shaft 18 and the polishing head 7 to move up and down. 

[0024] Polishing of the workpiece W is performed as follows.  While the polishing 

head 7 and the polishing table 5 are rotating, the slurry is supplied onto the polishing 

surface 2a of the polishing pad 2 from the slurry supply nozzle 8 provided above the 

polishing table 5.  The polishing pad 2 rotates together with the polishing table 5 about 15 

the axis of the polishing pad 2.  The polishing head 7 is lowered to a predetermined 

polishing position by the elevating mechanism 24.  Further, the polishing head 7 presses 

the workpiece W against the polishing surface 2a of the polishing pad 2 at the polishing 

position.  The workpiece W is placed in sliding contact with the polishing surface 2a of 

the polishing pad 2 in the presence of the slurry on the polishing surface 2a of the 20 

polishing pad 2.  The surface of the workpiece W is polished by a combination of a 

chemical action of the slurry and a mechanical action of the abrasive grains contained in 

the slurry. 

[0025] The polishing apparatus 1 includes a dresser 50 configured to dress the polishing 

surface 2a of the polishing pad 2, a dresser shaft 51 to which the dresser 50 is coupled, an 25 

air cylinder 53 as a dresser-pressing actuator mounted to an upper end of the dresser shaft 

51, a dresser oscillation arm 55 that rotatably supports the dresser shaft 51, and a support 

shaft 58 to which the dresser oscillation arm 55 is fixed. 
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[0026] The dresser 50 has a lower surface that constitutes a dressing surface 50a.  This 

dressing surface 50a is composed of abrasive grains (for example, diamond particles).  

The air cylinder 53 is arranged on a support base 57 supported by columns 56, and these 

columns 56 are fixed to the dresser oscillation arm 55.  The air cylinder 53 is coupled to 

the dresser 50 via the dresser shaft 51.  The air cylinder 53 is configured to vertically 5 

move the dresser shaft 51 and the dresser 50 together and press the dressing surface 50a 

of the dresser 50 against the polishing surface 2a of the polishing pad 2 with a 

predetermined force.  Instead of the air cylinder 53, a combination with a servomotor 

and a ball screw mechanism may be used as the dresser-pressing actuator. 

[0027] The polishing apparatus 1 further includes a dresser rotating motor 60 configured 10 

to rotate the dresser 50 about its axis.  The dresser rotating motor 60 is arranged in the 

dresser oscillation arm 55, and is coupled to the dresser shaft 51 via a torque transmission 

mechanism (not shown) composed of a belt, pulleys, etc.  The dresser 50 is coupled to a 

lower end of the dresser shaft 51.  The dresser rotating motor 60 rotates the dresser shaft 

51 via the torque transmission mechanism, and the dresser 50 is rotated together with the 15 

dresser shaft 51.  In this way, the dresser 50 is rotated about the axis thereof by the 

dresser rotating motor 60 in a direction indicated by arrow. 

[0028] The polishing apparatus 1 further includes a dresser oscillation motor 63 

configured to oscillate the dresser 50 on the polishing surface 2a.  The dresser oscillation 

motor 63 is coupled to the support shaft 58.  The dresser oscillation arm 55 is configured 20 

to be rotatable together with the support shaft 58 about the support shaft 58.  The dresser 

oscillation motor 63 is configured to swing the dresser oscillation arm 55 clockwise and 

counterclockwise by a predetermined angle around the support shaft 58, so that the 

dresser 50 oscillates on the polishing pad 2 in the radial direction of the polishing pad 2 

while the dresser 50 is pressing the dressing surface 50a against the polishing surface 2a 25 

of the polishing pad 2.   

[0029] In the present embodiment, the dresser oscillation arm 55 is fixed to the support 

shaft 58, and the dresser oscillation motor 63 is coupled to the support shaft 58 so as to 
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rotate the support shaft 58 together with the dresser oscillation arm 55.  In one 

embodiment, the dresser oscillation motor 63 may be mounted to the upper end of the 

support shaft 58 and may be arranged so as to swing the dresser oscillation arm 55 

without rotating the support shaft 58. 

[0030] Dressing of the polishing surface 2a of the polishing pad 2 is performed as 5 

follows.  During polishing of the workpiece W, the dresser 50 is rotated about the 

dresser shaft 51, and the dressing surface 50a of the dresser 50 is pressed against the 

polishing surface 2a by the air cylinder 53.  The dresser 50 is placed in sliding contact 

with the polishing surface 2a in the presence of the slurry on the polishing surface 2a.  

While the dresser 50 is in sliding contact with the polishing surface 2a, the dresser 10 

oscillation motor 63 swings the dresser oscillation arm 55 clockwise and 

counterclockwise about the support shaft 58 by a predetermined angle, so that the dresser 

50 is moved in the radial direction of the polishing pad 2.  In this way, the polishing pad 

2 is scraped off by the dresser 50, and dressing (i.e., regeneration) of the polishing surface 

2a is achieved. 15 

[0031] In the present embodiment, the dressing of the polishing surface 2a is performed 

during the polishing of the workpiece W, while in one embodiment, the dressing of the 

polishing surface 2a may be performed after the polishing of the workpiece W.  In this 

case, pure water may be supplied onto the polishing surface 2a instead of the slurry 

during dressing. 20 

[0032] FIG. 2 is a cross-sectional view of the polishing head 7 shown in FIG. 1.  The 

polishing head 7 includes a carrier 71 fixed to the polishing-head shaft 18, and a retainer 

ring 72 arranged below the carrier 71.  A flexible membrane (or an elastic membrane) 74, 

which is arranged to contact the workpiece W, is held on a lower portion of the carrier 71.  

Four pressure chambers G1, G2, G3 and G4 are formed between the membrane 74 and 25 

the carrier 71.  The pressure chambers G1, G2, G3 and G4 are formed by the membrane 

74 and the carrier 71.  The central pressure chamber G1 is circular, and the other 

pressure chambers G2, G3, and G4 are annular.  These pressure chambers G1, G2, G3 
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and G4 are concentrically arranged.  In one embodiment, more than four pressure 

chambers may be provided, or less than four pressure chambers may be provided. 

[0033] Compressed gas, such as compressed air, is supplied into the pressure chambers 

G1, G2, G3, and G4 by a gas supply source 77 via fluid passages F1, F2, F3, and F4, 

respectively.  The workpiece W is pressed against the polishing surface 2a of the 5 

polishing pad 2 by the membrane 74.  More specifically, pressures of the compressed 

gas in the pressure chambers G1, G2, G3 and G4 act on the workpiece W via the 

membrane 74 to press the workpiece W against the polishing surface 2a.  The pressures 

in the pressure chambers G1, G2, G3 and G4 can be changed independently, so that 

polishing pressures on corresponding four regions of the workpiece W, namely a central 10 

portion, an inner intermediate portion, an outer intermediate portion, and a peripheral 

portion, can be regulated independently.  The pressure chambers G1, G2, G3 and G4 

communicate with a vacuum source (not shown) via the fluid passages F1, F2, F3 and F4. 

[0034] An annular rolling diaphragm 76 is arranged between the carrier 71 and the 

retainer ring 72, and a pressure chamber G5 is formed inside the rolling diaphragm 76.  15 

The pressure chamber G5 communicates with the gas supply source 77 via a fluid passage 

F5.  The gas supply source 77 supplies the compressed gas into the pressure chamber G5, 

and the compressed gas in the pressure chamber G5 presses the retainer ring 72 against 

the polishing surface 2a of the polishing pad 2. 

[0035] The peripheral portion of the workpiece W and a lower surface (i.e., a workpiece 20 

pressing surface) of the membrane 74 are surrounded by the retainer ring 72.  During 

polishing of the workpiece W, the retainer ring 72 presses the polishing surface 2a of the 

polishing pad 2 outside the workpiece W so as to prevent the workpiece W from coming 

off from the polishing head 7 during polishing of the workpiece W. 

[0036] The fluid passages F1, F2, F3, F4, and F5 extend from the pressure chambers G1, 25 

G2, G3, G4, and G5 to the gas supply source 77 via the rotary joint 25.  Pressure 

regulators R1, R2, R3, R4, and R5 are attached to the fluid passages F1, F2, F3, F4, and 

F5, respectively.  The compressed gas from the gas supply source 77 is supplied into the 
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pressure chambers G1 to G5 through the pressure regulators R1 to R5, the rotary joint 25, 

and the fluid passages F1 to F5. 

[0037] The pressure regulators R1, R2, R3, R4, and R5 are configured to regulate the 

pressures in the pressure chambers G1, G2, G3, G4, and G5.  The pressure regulators R1, 

R2, R3, R4 and R5 are coupled to the operation controller 80.  The operation controller 5 

80 is coupled to an arithmetic system 47.  The fluid passages F1, F2, F3, F4, and F5 are 

further coupled to vent valves (not shown), so that the pressure chambers G1, G2, G3, G4, 

and G5 can be ventilated to the atmosphere. 

[0038] The operation controller 80 is configured to generate target pressure values for 

the pressure chambers G1 to G5, respectively.  The operation controller 80 sends the 10 

target pressure values to the pressure regulators R1 to R5, and the pressure regulators R1 

to R5 operate such that the pressures in the pressure chambers G1 to G5 coincide with the 

corresponding target pressure values.  Since the polishing head 7 having the plurality of 

pressure chambers G1, G2, G3, and G4 can independently press the corresponding 

regions of the surface of the workpiece W against the polishing pad 2 based on the 15 

progress of polishing, the polishing head 7 can polish a film of the workpiece W 

uniformly. 

[0039] During the polishing of the workpiece W, the polishing head 7 is maintained at a 

reference height.  The reference height of the polishing head 7 is a relative height of the 

entire polishing head 7 with respect to the polishing surface 2a of the polishing pad 2.  20 

The compressed gas is supplied to the pressure chambers G1, G2, G3, G4, and G5 with 

the polishing head 7 at the reference height.  The membrane 74 forming the pressure 

chambers G1, G2, G3 and G4 presses the workpiece W against the polishing surface 2a of 

the polishing pad 2, and the rolling diaphragm 76 forming the pressure chamber G5 

presses the retainer ring 72 against the polishing surface 2a of the polishing pad 2.  25 

[0040] Referring back to FIG. 1, the chemical mechanical polishing system further 

includes an arithmetic system 47 having a simulation model for simulating the polishing 

of the workpiece W and calculating estimated polishing physical quantities of the 
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workpiece W.  The arithmetic system 47 is electrically coupled to the polishing 

apparatus 1.  More specifically, the arithmetic system 47 is coupled to the operation 

controller 80.  The simulation model represents a virtual polishing apparatus that 

imitates the above-discussed polishing apparatus 1 including the polishing table 5, the 

polishing head 7, and the dresser 50.  The actual polishing apparatus 1 and the 5 

simulation model, which is the virtual polishing apparatus constructed in a virtual space, 

constitute a digital twin.  A system that utilizes such a digital twin is a called cyber-

physical system in which a simulation result is fed back to the real world so that optimum 

control is performed (for example, control is performed so that the workpiece can be 

polished to have a flatter surface).  10 

[0041] When preset polishing conditions are input to the simulation model, the 

simulation model performs virtual chemical mechanical polishing of the workpiece W 

using the virtual polishing apparatus, and outputs estimated polishing physical quantities, 

such as an estimated polishing rate of the workpiece W.  Examples of the polishing 

conditions include a rotation speed of the polishing table 5 [min-1 or rad/s], a rotation 15 

speed of the polishing head 7 [min-1 or rad/s], pressure [Pa] applied from the workpiece 

W to the polishing surface 2a of the polishing pad 2, pressure [Pa] applied from the 

retainer ring 72 to the polishing surface 2a of the polishing pad 2, a relative position 

between the polishing head 7 and the polishing pad 2, a rotation speed of the dresser 50 

[min-1 or rad/s], pressure [Pa] applied from the dresser 50 to the polishing surface 2a of 20 

the polishing pad 2, a relative position between the dresser 50 and the polishing pad 2, 

and a position and a flow rate of the slurry supplied.  The polishing rate is defined as an 

amount of surface material of the workpiece W removed per unit time.  The polishing 

rate may be referred to as a material removal rate. 

[0042] The arithmetic system 47 includes a memory 47a in which programs and the 25 

simulation model are stored, and a processor 47b configured to perform arithmetic 

operations according to instructions included in the programs.  The memory 47a 

includes a main memory, such as RAM, and an auxiliary memory, such as hard disk drive 
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(HDD) or solid state drive (SSD).  Examples of the processor 47b include a CPU 

(central processing unit) and a GPU (graphic processing unit).  However, the specific 

configurations of the arithmetic system 47 are not limited to these examples. 

[0043] The arithmetic system 47 is composed of at least one computer.  The at least 

one computer may be one server or a plurality of servers.  The arithmetic system 47 may 5 

be an edge server, a cloud server coupled to a communication network, such as the 

Internet or a local area network, or a fog server installed in a network.  The arithmetic 

system 47 may be a plurality of servers coupled by a communication network, such as the 

Internet or a local area network.  For example, the arithmetic system 47 may be a 

combination of an edge server and a cloud server. 10 

[0044] The simulation model is composed of at least a physical model configured to 

output the estimated polishing physical quantities.  The simulation model is stored in the 

memory 47a.  The physical model includes at least a polishing-rate model and a 

polishing-torque model.  The polishing-rate model is a physical model for calculating an 

estimated polishing rate, which is an example of the estimated polishing physical quantity.  15 

The polishing-torque model is a physical model for calculating an estimated value of 

torque required for each mechanical element of the polishing apparatus 1 due to a sliding 

resistance of the polishing pad 2.  The estimated value of torque is also an example of 

the estimated polishing physical quantity as well as the estimated polishing rate.  

Specific examples of the torque include a polishing-head rotation torque for rotating the 20 

polishing head 7 and the workpiece W about the axis of the polishing head 7, a polishing-

pad rotation torque for rotating the polishing pad 2 (or the polishing table 5) about its axis, 

a dresser rotation torque for rotating the dresser 50 about its axis, a dresser oscillation 

torque around an oscillation axis required to oscillate the dresser 50 on the polishing pad 

2, and a head oscillation torque around an oscillation axis required to oscillate the 25 

polishing head 7 on the polishing pad 2. 

[0045] The simulation model contains multiple model parameters.  These model 

parameters include known model parameters determined by the polishing conditions (e.g., 
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the polishing pressure, the rotation speed of the polishing head 7, the rotation speed of the 

polishing pad 2), and unknown model parameters, such as a coefficient of friction of the 

workpiece W.  Once the unknown model parameters are determined, the estimated 

polishing physical quantities (e.g., the estimated polishing rate and the estimated values of 

the various torques) of the workpiece W can be output from the simulation model by 5 

inputting the polishing conditions into the simulation model. 

[0046] Measured polishing physical quantities include an actual polishing rate of the 

workpiece W and measured values of various torques required in the polishing of the 

workpiece W.  These measured polishing physical quantities can be determined from 

measurement data.  The arithmetic system 47 is configured to identify or determine the 10 

unknown model parameters of the simulation model by using the measured polishing 

physical quantities, obtained by actual polishing, as identification parameters.  

Identification of the unknown model parameters is to bring the unknown model 

parameters closer to optimum values. 

[0047] The programs stored in the memory 47a of the arithmetic system 47 include an 15 

identification program for identifying or determining the unknown model parameters.  

The arithmetic system 47 operates according to instructions included in the identification 

program, and identifies the model parameters of the simulation model for bringing the 

estimated polishing physical quantities of the workpiece closer to the measured polishing 

physical quantities of the workpiece.  The measured polishing physical quantities of the 20 

workpiece include a measured polishing rate of the workpiece and measured values of the 

torques.  The estimated polishing physical quantities of the workpiece include an 

estimated polishing rate of the workpiece and estimated values of the torques. 

[0048] The polishing apparatus 1 polishes at least one workpiece under predetermined 

polishing conditions, and the arithmetic system 47 acquires the measured polishing 25 

physical quantities determined from the polishing of the workpiece and stores the 

measured polishing physical quantities in the memory 47a.  The predetermined polishing 

conditions may be, for example, actual polishing conditions for the workpiece or may be 
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preset polishing conditions for test polishing.  The polishing conditions may be changed 

dynamically during polishing.  In this case, improved identification accuracy may be 

achieved and an advanced basis function may be used.  The measured polishing physical 

quantities include the measured polishing rate of the workpiece, and the measured values 

of the torques of the polishing head 7, the polishing pad 2 (or the polishing table 5), and 5 

the dresser 50 when the workpiece is being polished.  The measured values of the 

torques may be values that directly indicate the torques, such as measurements of torque 

meters (not shown), or may be values that indirectly indicate the torques, such as values 

of torque currents supplied to the polishing-head rotating motor 20, the table rotating 

motor 21, and the dresser rotating motor 60, or may be torque estimated values calculated 10 

from these torque currents.  In one example, the measured values of the torques may be 

values that indirectly estimate the polishing torques on a model basis from a mechanical 

model of the mechanical structure and in-process information of the motor currents and 

acceleration/deceleration physical quantities.  The polishing-head rotating motor 20, the 

table rotating motor 21, and the dresser rotating motor 60 are controlled so as to rotate the 15 

polishing head 7, the polishing table 5, and the dresser 50 at predetermined constant 

speeds, respectively.  Therefore, as the sliding resistances acting on the polishing head 7, 

the polishing pad 2, and the dresser 50 increase, the torque currents also increase. 

[0049] FIG. 3 is a flowchart illustrating a method of identifying the unknown model 

parameters of the simulation model. 20 

 In step 1, the polishing apparatus 1 shown in FIG. 1 polishes at least one 

workpiece under the predetermined polishing conditions. 

 In step 2, the arithmetic system 47 determines the measured polishing physical 

quantities from the measurement data obtained from the actual polishing of the workpiece.  

More specifically, the arithmetic system 47 calculates the measured polishing rate of the 25 

workpiece, and obtains the measured values of the various torques generated while the 

workpiece is being polished.  The measured polishing rate can be calculated by dividing 

a difference between an initial film thickness of the workpiece and a film thickness of the 
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polished workpiece by a polishing time.  The measured values of the various torques 

may be the torque currents supplied to the polishing-head rotating motor 20, the table 

rotating motor 21, and the dresser rotating motor 60.  These measured polishing physical 

quantities are stored in the memory 47a. 

[0050] In step 3, the arithmetic system 47 inputs initial values of the unknown model 5 

parameters stored in the memory 47a to the simulation model. 

 In step 4, the arithmetic system 47 inputs the polishing conditions for the 

workpiece into the simulation model, and determines the model parameters that bring the 

estimated polishing physical quantities of the workpiece closer to the measured polishing 

physical quantities obtained in the step 2.  This step 4 is a process of identifying or 10 

determining the unknown model parameters capable of bringing the estimated polishing 

physical quantities closer to the measured polishing physical quantities. 

 In step 5, the arithmetic system 47 replaces the current model parameters of the 

simulation model with the model parameters determined in the step 4 to update the 

simulation model. 15 

 In step 6, the arithmetic system 47 inputs the polishing conditions used in the 

step 4 into the updated simulation model, and outputs the estimated polishing physical 

quantities from the simulation model to update the estimated polishing physical quantities. 

[0051] In step 7, the arithmetic system 47 calculates a difference between the updated 

estimated polishing physical quantities and the corresponding measured polishing 20 

physical quantities. 

 In step 8, the arithmetic system 47 evaluates the above difference.  The steps 5 

to 8 are a process of evaluating the determined model parameters.  If the difference is 

greater than or equal to a predetermined threshold value, the arithmetic system 47 repeats 

the steps 4 to 8.  When the above difference is smaller than the threshold value, the 25 

arithmetic system 47 terminates the determining operations for the model parameters.  In 

one embodiment, the arithmetic system 47 counts the number of repetitions from the step 

4 to the step 8 and if the number of repetitions is equal to or greater than a predetermined 
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value (or a calculation time for repeating the steps 4 to 8 is greater than or equal to a 

predetermined value), and/or if the above difference is less than the threshold value, the 

arithmetic system 47 terminates the determining operations for the model parameters. 

[0052] The arithmetic system 47 determines the model parameters for bringing the 

estimated polishing physical quantities closer to the measured polishing physical 5 

quantities according to algorithms (e.g., least square method, steepest descent method, 

simplex method) included in the identification program stored in the memory 47a.  The 

simulation model having the model parameters finally determined according to the 

flowchart shown in FIG. 3 is stored in the memory 47a. 

[0053] Next, the simulation model will be described.  As described above, the 10 

simulation model includes the polishing-rate model for calculating an estimated polishing 

rate of the workpiece W and the polishing-torque model for calculating an estimated 

value of torque generated due to the sliding resistance of the polishing pad 2.  

[0054] The polishing-rate model is expressed, for example, based on Preston's law as 

follows. 15 

 Polishing rate MMR = kp p |V| = β Wμ p |V|     (1) 

 where kp is Preston's coefficient, p is pressure of the workpiece W applied to the 

polishing pad 2, V is relative velocity between the workpiece W and the polishing pad 2, 

β is proportionality constant (or torque constant), and Wμ is coefficient of friction of the 

workpiece W. 20 

[0055] The above equation (1) is set on the assumption that the Preston coefficient kp is 

proportional to the coefficient of friction Wμ of the workpiece W.  In other words, it is 

assumed that the polishing rate MMR of the workpiece W correlates with the coefficient 

of friction Wμ of the workpiece W. 

[0056] In the above equation (1), the proportionality constant β and the coefficient of 25 

friction Wμ are unknown model parameters, while the pressure p and the relative velocity 

V are known model parameters given by the polishing conditions.  Therefore, once the 

proportionality constant β and the coefficient of friction Wμ are determined, the estimated 
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value of the polishing rate, i.e., the estimated polishing rate, can be determined from the 

above equation (1). 

[0057] Next, the polishing-torque model will be described.  The polishing-torque 

model is a physical model for calculating an estimated value of mechanical torque 

required for the polishing apparatus during polishing of the workpiece W.  During 5 

polishing of the workpiece W, sliding resistances act on the polishing surface 2a of the 

polishing pad 2.  One of the sliding resistances is a sliding resistance generated between 

the polishing head 7 (including the workpiece W) and the polishing pad 2, and the other is 

a sliding resistance generated between the dresser 50 and the polishing pad 2.  

Depending on these sliding resistances, the torques required to rotate the polishing head 1, 10 

the polishing pad 2, and the dresser 50 at their respective set speeds change. 

[0058] The polishing-torque model includes at least a head rotation torque model 

configured to calculate an estimated value of a polishing-head rotation torque for rotating 

the polishing head 7 and the workpiece W on the polishing pad 2 about the axis of the 

polishing head 7 (this axis corresponds to an axis of the polishing-head shaft 18), and a 15 

pad rotation torque model configured to calculate an estimated value of a polishing-pad 

rotation torque for rotating the polishing pad 2 about its axis (which corresponds to an 

axis of the table shaft 5a). 

[0059] During polishing of the workpiece W, the workpiece W and the retainer ring 72 

are pressed against the polishing pad 2 while the polishing head 7 and the workpiece W 20 

are rotating.  The head rotation torque model is a physical model for calculating an 

estimated value of the torque required for rotating the polishing head 7 about its axis at a 

predetermined speed against both the friction between the retainer ring 72 and the 

polishing pad 2 and the friction between the workpiece W and the polishing pad 2.  

[0060] In this embodiment, dressing of the polishing surface 2a of the polishing pad 2 is 25 

performed during polishing of the workpiece W.  Therefore, during polishing of the 

workpiece W, the retainer ring 72 of the polishing head 7, the workpiece W, and the 

dresser 50 are in contact with the polishing pad 2.  As a result, the polishing-pad rotation 
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torque depends on the frictions of the retainer ring 72, the workpiece W, and the dresser 

50 with respect to the polishing pad 2.  The pad rotation torque model is a physical 

model for calculating an estimated value of the torque required to rotate the polishing pad 

2 (i.e., the polishing table 5) at a predetermined speed against the friction between the 

retainer ring 72 and the polishing pad 2, the friction between the workpiece W and the 5 

polishing pad 2, and the friction between the dresser 50 and the polishing pad 2.  

[0061] FIG. 4 is a schematic diagram showing velocity vectors on the polishing head 7, 

the workpiece W, and the dresser 50 on the polishing pad 2.  Symbols shown in FIG. 4 

are defined as follows. 

 Velocity vector in the rotating direction of the polishing pad 2 at a point A1 on 10 

the workpiece W or retainer ring 72: VPH 

 Position vector from a center C1 of the polishing pad 2 to the point A1: rPH 

 Position vector from a center C2 of the polishing head 7 to the point A1: rHr 

 Velocity vector in the rotating direction of the polishing head 7 at the point A1: 

VHr 15 

 Velocity vector in the oscillating direction of the polishing head 7 at the point 

A1: VHo 

 Composite velocity vector of the polishing head 7 at the point A1: VH = VHr + 

VHo 

 Oscillation axis of the polishing head 7: OH (corresponds to the axis of the 20 

support shaft 14) 

 Position vector from the oscillation axis OH of the polishing head 7 to the point 

A1: rHo 

[0062] Velocity vector in the rotating direction of the polishing pad 2 at a point A2 on 

the dresser 50: VPD 25 

 Position vector from the center C1 of the polishing pad 2 to the point A2: rPD 

 Position vector from a center C3 of the dresser 50 to the point A2: rDr 

 Velocity vector in the rotating direction of the dresser 50 at the point A2: VDr 
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 Velocity vector in the oscillating direction of the dresser 50 at the point A2: VDo 

 Composite velocity vector of the dresser 50 at the point A2: VD = VDr + VDo 

 Oscillation axis of the dresser 50: OD (corresponds to the axis of the support 

shaft 58) 

 Position vector from the oscillation axis OD of the dresser 50 to the point A2: rDo 5 

[0063] Relative velocity vector of the polishing head 7 with respect to the polishing pad 

2 at the point A1: VPH-H = VH-VPH 

 Unit vector of the relative velocity vector VPH-H: uVPH-H = VPH-H / |VPH-H| 

 Relative velocity vector of the polishing pad 2 with respect to the polishing head 

7 at the point A1: VH-PH = VPH-VH 10 

 Unit vector of the relative velocity vector VH-PH: uVH-PH = VH-PH / |VH-PH| 

 Relative velocity vector of the dresser 50 with respect to the polishing pad 2 at 

the point A2: VPD-D = VD-VPD 

 Relative velocity vector VPD-D unit vector: uVPD-D = VPD-D / |VPD-D| 

 Relative velocity vector of the polishing pad 2 with respect to the dresser 50 at 15 

the point A2: VD-PD = VPD-VD 

 Unit vector of the relative velocity vector VD-PD: uVD-PD = VD-PD / |VD-PD| 

[0064] Next, the pad rotation torque model will be described with reference to FIG. 5.  

 A sliding resistance dFPW (representing a vector) acting between a minute area 

dsW of the workpiece W and the polishing pad 2 is determined as follows. 20 

 Sliding resistance dFPW = Wμ Wp dsW uVPH-H     (2) 

 where Wμ is coefficient of friction of the workpiece W, Wp is pressure of the 

workpiece W applied to the polishing pad 2, dsW is the minute area of the workpiece W, 

and uVPH-H is the unit vector of the relative velocity vector of the polishing head 7 with 

respect to the polishing pad 2.   25 

[0065] A sliding resistance dFPR (representing a vector) acting between a minute area 

dsR of the retainer ring 72 and the polishing pad 2 is determined as follows. 

 Sliding resistance dFPR = Rμ Rp dsR uVPH-H      (3) 
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 where Rμ is coefficient of friction of the retainer ring 72, Rp is pressure of the 

retainer ring 72 applied to the polishing pad 2, dsR is the minute area of the retainer ring 

72, and uVPH-H is the unit vector of the relative velocity vector of the polishing head 7 

with respect to the polishing pad 2.   

[0066] A sliding resistance dFPD (representing a vector) acting between a minute area 5 

dsD of the dresser 50 and the polishing pad 2 is determined as follows. 

 Sliding resistance dFPD = Dμ Dp dsD uVPD-D      (4) 

 where Dμ is coefficient of friction of the dresser 50, Dp is pressure of the dresser 

50 applied to the polishing pad 2, dsD is the minute area of the dresser 50, and uVPD-D is 

the unit vector of the relative velocity vector of the dresser 50 with respect to the 10 

polishing pad 2.  

[0067] Minute torques acting on the center C1 of the polishing pad 2 due to the sliding 

resistances in the minute area dsW of the workpiece W, the minute area dsR of the retainer 

ring 72, and the minute area dsD of the dresser 50 are as follows. 

 Minute torques dNPW = rPH × dFPW      (5) 15 

       dNPR = rPH × dFPR       (6) 

       dNPD = rPD × dFPD       (7) 

 where the symbol × represents the cross product of the vectors. 

[0068] When the position of the minute area dsW of the workpiece W, the position of the 

minute area dsR of the retainer ring 72, and the position of the minute area dsD of the 20 

dresser 50 are expressed in polar coordinates (ri, θj), the pad rotation torque model for 

calculating the estimated value of the polishing-pad rotation torque is given as follows. 

 Polishing-pad rotation torque PN = ΣiΣjdNPW + ΣiΣjdNPR + ΣiΣjdNPD     (8) 

[0069] In a case where the dressing of the polishing surface 2a of the polishing pad 2 is 

not performed during the polishing of the workpiece W, the term of ΣiΣjdNPD in the above 25 

formula (8) is 0. 

[0070] Next, the head rotation torque model for calculating an estimated value of the 

polishing-head rotation torque will be described. 
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 The relative velocity vector of the polishing pad 2 with respect to the polishing 

head 7 is VH-PH = VPH-VH, and the unit vector of the relative velocity vector VH-PH is uVH-

PH = VH-PH / |VH-PH|. 

 Assuming that the workpiece W rotates at the same rotation speed [min-1] as the 

polishing head 7, the sliding resistances acting on the minute area dsW of the workpiece 5 

W and the minute area dsR of the retainer ring 72 are expressed as follows.   

 Sliding resistances dFHW = Wμ Wp dsW uVH-PH      (9) 

    dFHR = Rμ Rp dsR uVH-PH        (10) 

[0071] Minute torques acting on the center C2 of the polishing head 7 due to the sliding 

resistances in the minute area dsW of the workpiece W and the minute area dsR of the 10 

retainer ring 72 are as follows. 

 Minute torques dNHrW = rHr × dFHW      (11) 

        dNHrR = rHr × dFHR      (12) 

 where rHr is position vector from the center C2 of the polishing head 7 to the 

minute area dsW of the workpiece W, and is also position vector from the center C2 of the 15 

polishing head 7 to the minute area dsR of the retainer ring 72. 

[0072] When the position of the minute area dsW of the workpiece W and the position of 

the minute area dsR of the retainer ring 72 are expressed in polar coordinates (ri, θj), the 

head rotation torque model for calculating an estimated value of the polishing-head 

rotation torque is given as follows. 20 

 Polishing-head rotation torque H
rN = ΣiΣjdNHrW + ΣiΣjdNHrR      (13) 

[0073] In the present embodiment, dressing of the polishing surface 2a of the polishing 

pad 2 is performed during polishing of the workpiece W.  Therefore, as shown in the 

above equation (8), the pad rotation torque model includes the torque due to the sliding 

resistance of the dresser 50.  In addition to the head rotation torque model and the pad 25 

rotation torque model, the polishing-torque model further includes a dresser rotation 

torque model configured to calculate an estimated value of the dresser rotation torque for 

rotating the dresser 50 on the polishing pad 2 about the axis of the dresser 50.  The 
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dresser rotation torque model is a physical model for calculating an estimated value of the 

torque required to rotate the dresser 50 at a predetermined speed against the friction 

between the dresser 50 and the polishing pad 2. 

[0074] The dresser rotation torque model for calculating an estimated value of the 

dresser rotation torque is given in the same manner as the head rotation torque model as 5 

follows. 

 Sliding resistance dFD = Dμ Dp dsD uVD-PD     (14) 

 Minute torque dNrD = rDr × dFD       (15) 

 Dresser rotation torque D
rN = ΣiΣjdNrD     (16) 

 where Dμ is coefficient of friction of the dresser 50, Dp is pressure of the dresser 10 

50 applied to the polishing pad 2, uVD-PD is the unit vector of the relative velocity vector 

of the polishing pad 2 with respect to the dresser 50, and rDr is the position vector from 

the center C3 of the dresser 50 to the minute area dsD of the dresser 50. 

[0075] During dressing of the polishing pad 2, the dresser 50 oscillates on the polishing 

pad 2 in the radial direction of the polishing pad 2.  The polishing-torque model further 15 

includes a dresser oscillation torque model for calculating an estimated value of a dresser 

oscillation torque around the oscillation axis OD of the dresser 50 required for the 

oscillation of the dresser 50. 

 The dresser oscillation torque model is expressed by the following equation (18). 

 Minute torque dNoD = rDo × dFD   ...  (17) 20 

 Dresser oscillation torque D
oN = ΣiΣjdNoD     (18) 

 where rDo is position vector from the oscillation axis OD of the dresser 50 (see 

FIG. 4) to the minute area dsD of the dresser 50. 

[0076] In the present embodiment, the polishing head 7 oscillates on the polishing pad 2 

during polishing of the workpiece W.  The polishing-torque model further includes a 25 

head oscillation torque model for calculating an estimated value of a polishing-head 

oscillation torque around the oscillation axis OH of the polishing head 7 required for the 

oscillation of the polishing head 7. 
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 The head oscillation torque model is expressed by the following equation (21). 

 Minute torques dNHoW = rHo × dFHW      (19) 

        dNHoR = rHo × dFHR       (20) 

 Polishing-head oscillation torque H
oN = ΣiΣjdNHoW + ΣiΣjdNHoR     (21) 

 where rHo is position vector from the oscillation axis OH (see FIG. 4) of the 5 

polishing head 7 to the minute area dsw of the workpiece W, and is also position vector 

from the oscillation axis OH to the minute area dsR of the retainer ring 72.  

[0077] In the present embodiment, the polishing-torque model includes the above 

equations (8), (13), (16), (18), and (21).  In a case where the dressing of the polishing 

pad 2 is not performed during polishing of the workpiece W, the polishing-torque model 10 

does not include the dresser rotation torque model represented by the equation (16) and 

the dresser oscillation torque model represented by the equation (18).  In a case where 

the oscillation of the polishing head 7 is not performed during the polishing of the 

workpiece W, the polishing-torque model does not include the head oscillation torque 

model represented by the above equation (21). 15 

[0078] The coefficients of friction Wμ, Rμ, and Dμ included in the above equations (1), 

(8), (13), (16), (18), and (21) constituting the simulation model are unknown model 

parameters.  These unknown model parameters are identified or determined by the 

identification process described later. 

[0079] The coefficient of friction Wμ of the workpiece W can vary depending on a 20 

distribution of the abrasive grains contained in the slurry supplied onto the polishing pad 

2.  FIG. 6 is a schematic diagram showing the distribution of the coefficient of friction 

Wμ of the workpiece W.  The distribution of the coefficient of friction Wμ of the 

workpiece W can be determined by calculation.  Specifically, a basis function 

representing the coefficient of friction of the workpiece W is defined, and the torque and 25 

the polishing rate are simultaneously identified and calculated.  As a result, the 

distribution of the coefficient of friction Wμ of the workpiece W can be obtained as shown 

in FIG. 6. 
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[0080] Assuming that a polishing efficiency represented by the number of working 

abrasive grains on the workpiece W is proportional to the coefficient of friction Wμ of the 

workpiece W, the distribution of the coefficient of friction Wμ of the workpiece W can be 

replaced with the distribution of the working abrasive grains.  The working abrasive 

grains are abrasive grains contained in the slurry that come into contact with the 5 

workpiece W and move relative to the workpiece W, thus contributing to the removal of 

the material of the workpiece W.  As shown in FIG. 6, the coefficient of friction Wμ is 

large at the peripheral portion of the workpiece W and small at the central portion of the 

workpiece W.  This is because during the polishing of the workpiece W, the slurry 

containing the abrasive grains is supplied onto the polishing pad 2 from the slurry supply 10 

nozzle 8 (see FIG. 1) and flows under the surface, to be polished, of the workpiece W 

from the peripheral portion of the workpiece W.  Further, as shown in FIG. 6, a center 

O1 of the distribution of the coefficient of friction Wμ is slightly deviated from the center 

of the workpiece W.  This is associated with the fact that the slurry supply nozzle 8 is 

located upstream of the polishing head 7 in the rotation direction of the polishing pad 2, 15 

as can be seen from FIG. 1. 

[0081] FIG. 7 is a diagram illustrating a position of a minute region on the workpiece W.  

In FIG. 7, Wrai(r, θ) represents a position vector from the center C2 of the workpiece W to 

the minute region, W
ra0 represents a position vector of the center O1 of the distribution of 

the coefficient of friction Wμ, and Wrbi represents a distance from the center O1 of the 20 

distribution of the coefficient of friction Wμ to the minute region. 

 The distribution of the coefficient of friction Wμ of the workpiece W is given by 

the following equation. 

[Math. 1] 

 25 

where 1≦r≦Nr, 1≦θ≦Nθ, 1≦i≦NθNr, 0≦j≦Nj.  Nr represents the number of 

divisional elements in the radial direction, Nθ represents the number of divisional 

elements in the circumferential direction, NθNr represents the total number of surface 
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elements (elements), j represents a numerical value of an exponent of a polynomial, and 

Nj represents a maximum exponent of the polynomial.  In FIG. 7 and the equation (22), r 

and θ are not physical quantities representing radius and angle, but are integers for 

specifying the number (or position) of each of the divisional elements distributed in the 

radial and circumferential directions shown in FIG. 6.  The symbol μ0 is the coefficient 5 

of friction at the center of the workpiece W. 

[0082] The above equation (22) is a physical model representing the distribution of the 

coefficient of friction Wμ of the workpiece W.  In the present embodiment, the 

simulation model further includes the physical model represented by the equation (22), in 

addition to the physical models represented by the above equations (1), (8), (13), (16), 10 

(18), and (21).  The symbols μ0 and Wra0 in the equation (22) are unknown model 

parameters. 

[0083] Next, an influence of deterioration of the polishing pad 2 with time on the 

coefficient of friction will be described.  FIG. 8 is a graph showing a relationship 

between the torque of the polishing pad 2 and the polishing time.  While the workpiece 15 

W is actually polished, the torque required to rotate the polishing pad 2 at a constant 

speed gradually decreases as shown by a dotted line in FIG. 8.  Possible causes include a 

change in a surface roughness of the polishing pad 2, a change in a viscoelasticity of the 

polishing pad 2, and a change in a thickness of the polishing pad 2. 

[0084] In contrast, the torque of the polishing pad 2 calculated by the physical model 20 

represented by the above equation (8) is constant regardless of the polishing time as 

shown by an alternate long and short dash line in FIG. 8.  Thus, in order to reflect the 

actual torque change of the polishing pad 2 in the simulation model, the simulation model 

further includes a mathematical model expressing that the polishing pad 2 deteriorates 

with a passage of a polishing time.  In this embodiment, the deterioration of the 25 

polishing pad 2 is expressed as a decrease in the coefficient of friction of the workpiece 

W. 

[0085] The mathematical model representing the decrease in the coefficient of friction 
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of the workpiece W, i.e., the deterioration of the polishing pad 2, is as follows. 

 Coefficient of friction of the workpiece Wμ = Wμi fp (t) 

     = Wμi [(α0-α1)exp[-(t-t0)/T]+α1]    (23) 

 In equation (23), t is polishing time, t0 is polishing start point in time, and T is 

time constant. 5 

[0086] The mathematical model described above includes a fitting function fp(t) for 

reducing the coefficient of friction of the workpiece W with the polishing time.  This 

fitting function fp(t) is an exponential function having the polishing time t as a variable.  

FIG. 9 is a graph showing the fitting function fp(t).  Horizontal axis of FIG. 9 represents 

the polishing time t, and vertical axis represents the value of the fitting function fp(t) that 10 

changes according to the polishing time t.  In the equation 18, α0, α1, t0, T are unknown 

model parameters. 

[0087] As discussed above, the simulation model of the present embodiment includes 

the physical models for calculating the estimated polishing rate of the workpiece W and 

the estimated torques of the polishing apparatus 1, and further includes the single 15 

mathematical model representing a decrease in the coefficient of friction of the workpiece 

W.  As shown by a solid line in FIG. 8, the simulation model can calculate an estimated 

torque that changes in the same manner as the actual torque. 

[0088] Next, a method of identifying (or determining) the above-mentioned unknown 

model parameters Rμ, Dμ, μ0, Wra0, β, α0, α1, t0, and T will be described.  The arithmetic 20 

system 47 is configured to identify or determine the unknown model parameters of the 

simulation model by using the measured polishing physical quantities, obtained by actual 

polishing, as identification parameters.  The arithmetic system 47 operates according to 

the instructions included in the identification program stored in the memory 47a, and uses 

algorithms (e.g., least square method, steepest descent method, simplex method, etc.) to 25 

determine the model parameters that bring the estimated polishing physical quantities 

closer to the measured polishing physical quantities.   

[0089] As described below, in the present embodiment, the arithmetic system 47 is 
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configured to determine the model parameters μ0, Rμ, Dμ using the least square method, 

and determine the model parameters W
ra0, β, α0, α1, t0, T using the simplex method.  It is 

noted, however, that the present invention is not limited to the present embodiment, and 

the unknown model parameters may be determined using another algorithm, such as the 

steepest descent method.  Alternatively, the unknown model parameters may be 5 

determined using only the least square method. 

[0090] In one embodiment, an integrated calculation model using the least square 

method is as follows.  In the following equation, upper left letter P represents the 

polishing pad 2, upper left letter H represents the polishing head 7, upper left letter D 

represents the dresser 50, lower left letter r represents the rotation, and lower left letter o 10 

represents the oscillation. 

[Math. 2] 

 

[0091] On the left side of the above equation (24), the measured polishing physical 

quantities obtained from the actual polishing of the workpiece are input.  The unknown 15 

model parameters are determined using the least square method as follows.  Specifically, 

the equation (24) is expanded, a term of a parameter X to be identified is extracted, and an 

equation Y = AX is created.  Further, the parameter X is identified by the least square 

method from an equation X = A*Y using a pseudo-inverse matrix A* of a matrix A.  By 

repeating these operations, all unknown parameters can be identified. 20 

[0092] The left side of the equation (24) is measurement data Yexp obtained from the 

actual polishing, and the right side is estimated data Ysim obtained from the simulation 

model.  The right side Ysim is a product AX of the matrix A on the left side, which can 

be calculated only by the inputted polishing conditions, and the vector X of the unknown 

parameters related to the friction on the right side.  The arithmetic system 47 can 25 



 

31 

determine the unknown parameters X = A*Yexp using the least square method and using 

the pseudo-inverse matrix A* of the known matrix A. 

[0093] In the coefficient matrix on the right side of the above equation (24), the 

following equation is substituted. 

[Math. 3] 5 

 

[0094] In one embodiment, an error function model using the simplex method is as 

follows. 

[Math. 4] 

 10 

 In the above equation (30), numerical values with subscript exp represent the 

measured values of the torques and the polishing rate.  Numerical values with subscript 

sim are estimated values obtained from the simulation model.  Symbols w1, w2, w3, w4 

represent weights for estimation errors of the respective physical quantities. 

[0095] The arithmetic system 47 operates according to the identification program to 15 

identify the above-described unknown model parameters.  The arithmetic system 47 
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replaces the current model parameters of the simulation model with the determined model 

parameters.  The arithmetic system 47 inputs the polishing conditions for the workpiece 

into the simulation model containing the determined model parameters, and calculates the 

estimated polishing physical quantities. 

[0096] Further, the arithmetic system 47 calculates a difference between the measured 5 

polishing physical quantities that have been input into the equation (24) and the estimated 

polishing physical quantities, and determines whether or not this difference is smaller 

than a predetermined threshold value.  If the difference is greater than or equal to the 

threshold value, the arithmetic system 47 performs the above-discussed identification 

again using measured polishing physical quantities of another workpiece.  If the 10 

difference is less than the threshold value, the arithmetic system 47 calculates estimated 

polishing physical quantities of another workpiece using the simulation model containing 

the determined model parameters.  Specifically, the arithmetic system 47 inputs 

polishing conditions for a workpiece (e.g., a wafer), which has not been polished yet, into 

the simulation model, and can accurately calculate an estimated polishing rate of that 15 

workpiece using the simulation model. 

[0097] The arithmetic system 47 transmits the estimated polishing rate to the operation 

controller 80 shown in FIG. 1.  The operation controller 80 can estimate a polishing end 

point of the workpiece being polished based on the estimated polishing rate.  Further, the 

operation controller 80 may create a distribution of estimated polishing rates of the 20 

workpiece during polishing of the workpiece, and may control polishing pressures on the 

workpiece being polished (i.e., pressures applied from the polishing head 7 to the 

workpiece) based on the distribution of the estimated polishing rates. 

[0098] The previous description of embodiments is provided to enable a person skilled 

in the art to make and use the present invention.  Moreover, various modifications to 25 

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 
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described herein but is to be accorded the widest scope as defined by limitation of the 

claims. 

Industrial Applicability 

[0099] The present invention relates to a chemical mechanical polishing system for 

polishing a surface of a workpieces, such as wafer, substrate, or panel, and particularly 5 

relates to a cyber-physical system that optimizes a simulation model for chemical 

mechanical polishing based on actual measurement data of chemical mechanical 

polishing. 

Reference Signs List 

[0100] 1 polishing apparatus 10 

 2 polishing pad 

 5 polishing table 

 5a table shaft 

 7 polishing head 

 8 slurry supply nozzle 15 

 14 support shaft 

 16 polishing-head oscillation arm 

 18 polishing-head shaft 

 20 polishing-head rotating motor 

 21 table rotating motor 20 

 22 polishing-head oscillation motor 

 24 elevating mechanism  

 25 rotary joint 

 26 bearing 

 28 bridge 25 

 29 support base 

 30 column 

 32 ball-screw mechanism  
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 32a screw shaft 

 32b nut 

 38 servomotor 

 47 arithmetic system  

 47a memory 5 

 47b processor 

 50 dresser  

 50a dressing surface 

 51 dresser shaft 

 53 air cylinder 10 

 55 dresser oscillation arm 

 56 column 

 57 support base 

 58 support shaft 

 60 dresser-rotating motor 15 

 63 dresser-oscillation motor 

 71 carrier 

 72 retainer ring 

 74 membrane (elastic membrane) 

 76 rolling diaphragm  20 

 77 gas supply source 

 80 operation controller 

 W workpiece 

 G1,G2,G3,G4,G5 pressure chamber 

 F1,F2,F3,F4,F5  fluid passage 25 

 R1,R2,R3,R4,R5  pressure regulator 
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CLAIMS 

[Claim 1] A chemical mechanical polishing system comprising:  

 a polishing table configured to support a polishing pad having a polishing 

surface;  

 a polishing head configured to press a workpiece against the polishing surface;  5 

 a slurry supply nozzle configured to supply slurry onto the polishing surface; and  

 an arithmetic system having a memory storing therein a simulation model 

including at least a physical model configured to output an estimated polishing physical 

quantity including an estimated polishing rate of the workpiece, the arithmetic system 

being configured to  10 

   input polishing conditions for the workpiece into the simulation model;  

   output the estimated polishing physical quantity of the workpiece from the 

simulation model; and  

   determine model parameters of the simulation model that bring the estimated 

polishing physical quantity closer to a measured polishing physical quantity of the 15 

workpiece. 

 

[Claim 2] The chemical mechanical polishing system according to claim 1, 

wherein the physical model includes a polishing-rate model configured to calculate the 

estimated polishing rate of the workpiece, and a polishing-torque model configured to 20 

calculate an estimated value of torque generated due to a sliding resistance of the 

polishing pad.  

 

[Claim 3] The chemical mechanical polishing system according to claim 2, 

wherein the polishing-torque model includes a head rotation torque model configured to 25 

calculate an estimated value of a polishing-head rotation torque for rotating the polishing 

head and the workpiece on the polishing pad about an axis of the polishing head, and a 

pad rotation torque model configured to calculate an estimated value of a polishing-pad 



 

36 

rotation torque for rotating the polishing pad about an axis of the polishing pad.  

 

[Claim 4] The chemical mechanical polishing system according to claim 3, further 

comprising a dresser configured to dress the polishing surface,  

 wherein the polishing-torque model includes a dresser rotation torque model 5 

configured to calculate an estimated value of a dresser rotation torque for rotating the 

dresser on the polishing pad about an axis of the dresser, and a dresser oscillation torque 

model configured to calculate an estimated value of the dresser oscillation torque around 

an oscillation axis required for the dresser to oscillate on the polishing pad. 

 10 

[Claim 5] The chemical mechanical polishing system according to any one of 

claims 1 to 4, wherein the simulation model further includes a mathematical model 

representing a deterioration of the polishing pad with a passage of a polishing time. 

 

[Claim 6] The chemical mechanical polishing system according to any one of 15 

claims 1 to 5, wherein the arithmetic system is configured to:  

 input the polishing conditions to the simulation model having the determined 

model parameters to calculate an updated estimated polishing physical quantity; and  

 evaluate a difference between the updated estimated polishing physical quantity 

and the measured polishing physical quantity. 20 

 

[Claim 7] An arithmetic system for creating a simulation model for chemical 

mechanical polishing, comprising:  

 a memory storing a program and the simulation model therein;  

 a processor configured to perform operations according to instructions included 25 

in the program,  

 wherein the simulation model includes at least a physical model configured to 

output an estimated polishing physical quantity including an estimated polishing rate of a 
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workpiece when chemically mechanically polished, the arithmetic system being 

configured to  

 input polishing conditions for the workpiece into the simulation model;  

 output the estimated polishing physical quantity of the workpiece from the 

simulation model; and  5 

 determine model parameters of the simulation model that bring the estimated 

polishing physical quantity closer to a measured polishing physical quantity of the 

workpiece.  

 

[Claim 8] A method of producing a simulation model for chemical mechanical 10 

polishing, comprising: 

 inputting polishing conditions for a workpiece into the simulation model, the 

simulation model including at least a physical model configured to output an estimated 

polishing physical quantity including an estimated polishing rate of the workpiece;  

 outputting the estimated polishing physical quantity of the workpiece from the 15 

simulation model;  

 polishing the workpiece using a polishing apparatus; and  

 determining model parameters of the simulation model that bring the estimated 

polishing physical quantity closer to a measured polishing physical quantity of the 

workpiece,  20 

 wherein the polishing apparatus includes:  

    a polishing table configured to support a polishing pad having a polishing 

surface;  

    a polishing head configured to press the workpiece against the polishing 

surface; and  25 

    a slurry supply nozzle configured to supply slurry onto the polishing surface. 

 

[Claim 9] The method according to claim 8, wherein the physical model includes a 
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polishing-rate model configured to calculate the estimated polishing rate of the workpiece, 

and a polishing-torque model configured to calculate an estimated value of torque 

generated due to a sliding resistance of the polishing pad. 

 

[Claim 10] The method according to claim 9, wherein the polishing-torque model 5 

includes a head rotation torque model configured to calculate an estimated value of a 

polishing-head rotation torque for rotating the polishing head and the workpiece on the 

polishing pad about an axis of the polishing head, and a pad rotation torque model 

configured to calculate an estimated value of a polishing-pad rotation torque for rotating 

the polishing pad about an axis of the polishing pad. 10 

 

[Claim 11] The method according to claim 10, wherein the polishing apparatus 

further includes a dresser configured to dress the polishing surface,  

 wherein the polishing-torque model includes a dresser rotation torque model 

configured to calculate an estimated value of a dresser rotation torque for rotating the 15 

dresser on the polishing pad about an axis of the dresser, and a dresser oscillation torque 

model configured to calculate an estimated value of the dresser oscillation torque around 

an oscillation axis required for the dresser to oscillate on the polishing pad. 

 

[Claim 12] The method according to any one of claims 8 to 11, wherein the 20 

simulation model further includes a mathematical model representing a deterioration of 

the polishing pad with a passage of a polishing time. 

 

[Claim 13] The method according to any one of claims 8 to 12, further comprising: 

 inputting the polishing conditions to the simulation model having the determined 25 

model parameters to calculate an updated estimated polishing physical quantity; and  

 evaluating a difference between the updated estimated polishing physical 

quantity and the measured polishing physical quantity. 
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[Claim 14] A method of producing a simulation model for chemical mechanical 

polishing, comprising:  

 inputting polishing conditions for a workpiece into the simulation model, the 

simulation model including at least a physical model configured to output an estimated 5 

polishing physical quantity including an estimated polishing rate of the workpiece;  

 outputting the estimated polishing physical quantity of the workpiece from the 

simulation model; and 

 determining model parameters of the simulation model that bring the estimated 

polishing physical quantity closer to a measured polishing physical quantity of the 10 

workpiece. 


