
Process Optimization and Fundamental Consumables
Characterization of Advanced Dielectric and

Metal Chemical Mechanical Planarization

Item Type text; Electronic Dissertation

Authors Liao, Xiaoyan

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:10:56

Link to Item http://hdl.handle.net/10150/323377

http://hdl.handle.net/10150/323377


 

 

1 

PROCESS OPTIMIZATION AND FUNDAMENTAL CONSUMABLES 

CHARACTERIZATION OF ADVANCED DIELECTRIC AND METAL  

CHEMICAL MECHANICAL PLANARIZATION  

 

 

by 

Xiaoyan Liao 

 

 

__________________________ 

Copyright © Xiaoyan Liao 2014 

 

 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF CHEMICAL AND ENVIRONMENTAL ENGINEERING 

In Partial Fulfillment of the Requirements 

 

 

For the Degree of 

DOCTOR OF PHILOSOPHY 

WITH A MAJOR IN CHEMICAL ENGINEERING 

 

 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

 

2014  



 

 

2 

 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by Xiaoyan Liao, titled Process Optimization and Fundamental Consumables 

Characterization of Advanced Dielectric and Metal Chemical Mechanical Planarization 

and recommend that it be accepted as fulfilling the dissertation requirement for the 

Degree of Doctor of Philosophy. 

 
 

_______________________________________________________________________ Date: (November 1
st
, 2013) 

Ara Philipossian    

 

_______________________________________________________________________ Date: (November 1
st
, 2013) 

Fahang Shadman    

    

_______________________________________________________________________ Date: (November 1
st
, 2013) 

Kimberly Ogden    

 

_______________________________________________________________________ Date: (November 1
st
, 2013) 

Srini Raghavan    

    

    

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s 

submission of the final copies of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and 

recommend that it be accepted as fulfilling the dissertation requirement. 

 

 

________________________________________________ Date: (November 1
st
, 2013) 

Dissertation Director:  Ara Philipossian    

  



 

 

3 

STATEMENT BY AUTHOR 

 

This dissertation has been submitted in partial fulfillment of the requirements for 

an advanced degree at the University of Arizona and is deposited in the University 

Library to be made available to borrowers under rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, 

provided that an accurate acknowledgement of the source is made.  Requests for 

permission for extended quotation from or reproduction of this manuscript in whole or in 

part may be granted by the copyright holder.  

 

 

 

 

SIGNED: Xiaoyan Liao 
 
 
 

 
 

 

 

 

  



 

 

4 

ACKNOWLEDGMENTS 

 

First of all, I would like to give my most sincere gratitude to my advisor, Prof. 

Ara Philipossian, for his excellent guidance and continuous support throughout my PhD 

study.  He sets a professional role model for me and his influences are invaluable for my 

work and life. Thank you, Ara.  I am really proud of having you as my supervisor!  

I would like to extend my gratitude to my dissertation committee members Prof. 

Farhang Shadman, Prof. Kimberly Ogden and Prof. Srini Raghavan for their guidance 

and advice. I also want to express my appreciation to Dr. Len Borucki for his great 

guidance and nice discussion. His expertise is crucial to the completion of this work. 

Many thanks go to Prof. Eduardo Saez, Prof. Roberto Guzman, Prof. James Farrell, Prof. 

Anthony Muscat, Prof. Robert Arnold and Prof. James Field for their excellent teaching. 

Thanks also go to all of the department staff members Arla Allen, Debra Romero, Alicia 

Foley, Karen McClure, Tommy Maynard and Stephanie Sikora for their kind assistance 

and precious friendship. 

I want to thank my past and present IPL members Yun Zhuang, Yasa Adi 

Sampurno, Ting Sun, Fransisca Sudargho, Sian Theng, Xiaomin Wei, Anand Meled, 

Yubo Jiao, Ricardo Duyos Mateo, Adam Rice, Changhong Wu and Yan Mu for the very 

nice help and discussion.  

I want to give my special thanks to SRC (Semiconductor Research Corporation) 

Engineering Research Center for Environmental Benign Semiconductor Manufacturing 

for the financial support. 



 

 

5 

I also want to give my very special thanks to Prof. Supapan Seraphin for the very 

nice friendship and discussion, thank you also for the delicious Thai food and the warmly 

caring for me and my family. Special thanks also go to my classmates and friends Hanh 

Duong, Binh Duong, Jake Davis, Feng Jiang, Mario Marquez, Roy Dittler, Shweta 

Agrawal, Bernal Granados, Cary Leung, Hao Wang, Christopher Olivares, Aida Tapia, 

David Hubler, Davoud Zamani, Fee Li Lie, Zhen Wang, Rahul Jain, Lucia Rodriquez, 

Long Cheng and so forth for their kindness and friendship. 

Finally, I want to give my deepest gratitude and love to my parents. Thank you 

for the greatest sacrifice and the most unconditional love. Your strong support and 

encouragement are always the origin of my motivation.  

My deepest love and thanks also go to my loving husband Changhong. Your 

strong enthusiasm and active attitude to work, persistent faith and hope for the bright 

future and hardworking toward it are great encouragements for me. You are a great man! 

Your strong responsibility for family and your wisdom of letting people around you feel 

happy make our family always full of hope and happy moments. I love you! You are a 

great husband and Dad! 

I also want to extend my love and thanks to my lovely daughters, Sophia and 

Isabella, thank you for bringing the most wonderful peace and happiest moments to my 

heart which I never had before. You help me to realize that my life does matter and turn 

my life to a new meaningful stage. I enjoy and feel proud to be your mom for every 

single minute. Thanks also go to my wonderful brothers and their family, all of my 

relatives in China and my parents in-law for their support and understanding.  



 

 

6 

 

 

 

 

 

Dedicated to Changhong, Sophia and Isabella 



 

 

7 

TABLE OF CONTENTS 

LIST OF FIGURES …………………………………………..…………………..          13 

LIST OF TABLES …………………………………………….………………….         20 

NOMENCLATURE ………………………………………………………………         21 

ABSTRACT ……………………………………………………………………....          22 

CHAPTER 1 INTRODUCTION …………………………..……………………...         27 

1.1 The Development of IC Manufacturing ………………………………          27 

1.2 Introduction to CMP ………………….………………………………          31 

1.3 The Applications of CMP in IC Manufacturing ………………………         34 

1.3.1 ILD CMP ………………………………………………………         35 

1.3.2 STI CMP ……………………………..……………………..…         36 

1.3.3 Cu CMP ………………………………………….……………         37 

1.3.4 W CMP .……………………………………………………….         39 

1.4 Generic CMP Process and CMP Consumables …………………….…         39 

1.4.1 Polishing Pad ………………………………………...………..         41 

1.4.2 Pad Conditioner ………………………………..………….…..         46 

1.4.3 Slurry …………………………………….……………………         50 

1.4.4 Retaining Ring …………………………………….………….         54 

1.5 Challenges in CMP …………………………………………….……..         56 

1.5.1 Optimization of the CMP Process ………………………….…         56 

1.5.2 Dishing and Erosion …………………………………………..         57 

1.5.3 CoO and EHS Considerations of CMP ……………………….          58 



 

 

8 

TABLE OF CONTENTS – Continued 

1.6 Research Motivation and Goals ………………………………………         60 

CHAPTER 2 EXPERIMENTAL APPARATI ……………………………………         64 

2.1 The Araca APD-500 Polisher and Tribometer .……………………….         64 

2.1.1 Front Panel …………………………………………………….         66 

2.1.2 Right Panel …………………………………………………….         67 

2.1.3 Wafer Carrier System …………………………….……………         68 

2.1.4 Pad Conditioning System ……………………………………...         70 

2.1.5 Polishing Platen System ……………………………………….         71 

2.1.6 Slurry/Water Distribution System ……………………………..         72 

2.1.7 Load Cells ……………………………………………………..         74 

2.1.8 Data Acquisition Program ……………………………………..         76 

2.1.9 Waveform Analysis Program …………………….……………         78 

2.1.10 Tools Specifications …………………………………………...         79 

2.2 The Araca APD-800 Polisher and Tribometer ………...………………         81 

2.2.1 Control Panel and Switches ……………………………………         83 

2.2.2 Wafer Carrier System ………………………………………….         85 

2.2.3 Pad Conditioning System ………………………………………         86 

2.2.4 Polishing Platen System ………………………………………..         88 

2.2.5 Slurry/Water Distribution and Temperature Measurement Systems   89 

2.2.6 Load Cells …………………………………………………….         90 

2.2.7 Data Acquisition Program …………………………………….         91 



 

 

9 

TABLE OF CONTENTS – Continued 

2.2.8 Waveform Analysis Program …………………………………         94 

2.2.9 Tools Specifications …………………………………………..         95 

2.3 Film Thickness Measurement …………………………………………         97 

2.4 Slurry Film Thickness Measurement (UVIZ-100)…………………….         99 

2.4.1 Operation ………………………………………………………         99 

2.4.2 Hardware Components and Their Functions …………………..         99 

2.4.3 Software Operation ……………………………………………       101 

2.4.4 Calibration Procedure …………………………………………       104 

2.5 Laser Scanning Confocal Microscope ………………………………...       105 

2.5.1 Working Principle ……………………………………………..       106 

2.5.2 Customized Sample Holder ……………………………………      108 

2.5.3 Contact and Topographic Image Analysis …………………….       110 

CHAPTER 3 GENERAL THEORY ………………………………………………      114 

3.1 The Fundamentals of Tribology in CMP ………………………………     114 

3.1.1 Friction in CMP ……………………………………………….       114 

3.1.2 Lubrication Mechanism of the CMP Process …………………       116  

3.2 CMP Removal Mechanism ……………………………………………      121 

3.2.1 Various Removal Rate Models in CMP ………………………       122 

3.2.2 Langmuir-Hinselwood Removal Rate Model …………………       124 

3.2.3 Flash Heating Thermal Model ………………………………...       126 

 



 

 

10 

TABLE OF CONTENTS – Continued 

CHAPTER 4 EFFECT OF PAD SURFACE MICRO-TEXTURE ON COPPER CMP 129 

4.1 Introduction …………………….…………………………………….        129 

4.2 Experimental Setup and Conditions …………………………………       130 

4.3 Results and Discussions ………………………………………………        133 

4.3.1 Polishing Results ………………………………….…….……       133 

4.3.2 Pad Surface Micro-Texture Analysis …………………………       134 

4.4 Conclusions …………………………………………………………..        141 

CHAPTER 5 ANALYSIS OF LARGE PAD CONTACT AREA IN COPPER CMP   142 

5.1 Introduction……………………………………………………………       142 

5.2 Analysis of Large Contact Area ………………………………………       145 

5.3 Young’s Modulus Simulation ………………………………………..        148 

5.4 Case Study ……………………………………………………………        152 

5.4.1 Experimental Setup and Conditions ………………….……….       152 

5.4.2 Results and Discussions ………….……………………………       154  

5.4.3 Conclusions ……………………………………………………       158 

CHAPTER 6 EFFECT OF PAD SURFACE MICRO-TEXTURE ON INTERLAYER  

                      DIELECTRIC CMP …………………………………………………       160 

6.1 Introduction ……………………………………………………………       160 

6.2 Experimental Setup and Conditions ………………………………….        161 

6.3 Results and Discussions ………………………………………………        163 

6.3.1 Polishing Results Analysis ……………………………………        163 



 

 

11 

TABLE OF CONTENTS – Continued 

6.3.2 Pad Surface Micro-Texture Analysis …………………………      165  

6.4 Conclusions …………………………………………………………..       167 

CHAPTER 7 EFFECT OF PAD SURFACE MICRO-TEXTURE ON DISHING AND 

                      EROSION DURING STI CMP…………………………………….        168 

7.1 Introduction …………………………………………………………..        168 

7.2 Experimental Setup and Conditions ……….…………………………       171 

7.3 Mean Pad Summit Curvature Analysis …………….…………………       173 

7.4 Results and Discussions ……………..…………….………………….       178 

7.5 Conclusions ……………………………………………………………      181 

CHAPTER 8 EFFECT OF SLURRY APPLICATION/INJECTION SCHEMES ON 

                      SLURRY AVAILABILITY DURING CMP ……..………………       183 

8.1 Introduction ………………………………….………………………         183 

8.2 Experimental Setup and Conditions ….………………………………        185 

8.3 Image Analysis Procedures ….……………………………………….        189 

8.4 Results and Discussions ………………………………………………       193 

8.5 Conclusions ……………………………………………………………       199 

CHAPTER 9 EFFECT OF RETAINING RING SLOT DESIGNS AND POLISHING 

                      CONDITIONS ON SLURRY FLOW DYNAMICS AT BOW WAVE   201 

9.1 Introduction ………………………………………………….……….       202 

9.2 Experimental Setup and Conditions ………………………………….       203 

9.3 Results and Discussions ……………..…………….…………………       206 



 

 

12 

TABLE OF CONTENTS – Continued 

9.3.1 Effect of Retaining Ring Slot Design ……………….………..       206 

9.3.2 Effect of Sliding Velocity …………..………………..……….        208 

9.3.3 Effect of Retaining Ring Pressure …………..…..…………….        211 

9.3.4 Effect of Slurry Flow Rate …………..…………..……...…….        213 

9.4 Conclusions …………………………………………………………...       214 

CHAPTER 10 CONCLUSIONS AND FUTURE PLANS …………..……………       216 

10.1  Conclusions ………………………………..…………………………       216 

10.2  Future Plans ………………………..…………………………………       220 

REFERENCES …………………………………………………….………………      224 



 

 

13 

LIST OF FIGURES 

Figure 1.1: IC minimum feature size trend ………..………………………….        28 

Figure 1.2: Schematic of an IC cross-section ………..……………………….        30         

Figure 1.3: Cross section SEM image of ten-level Cu dual-damascene  

interconnects ………..……………………………………………        31  

Figure 1.4: Trends in depth of focus ………..………………………….…….        33 

Figure 1.5: Schematic of multilevel interconnects fabricated without (left) and with  

                        (right) planarization ………..………………………….…….…….        33         

Figure 1.6: Schematic of ILD CMP (left) and STI formation processes (right)         36         

Figure 1.7: Schematic of Cu-damascene (left) and W-plug (right) formation  

processes ………..…………………………………………………        38 

Figure 1.8: Generalized schematic of a rotary CMP Tool ……………………..        40 

Figure 1.9: Photograph of a top view of pads with (a) concentric groove and (b) xy-         

                  groove ………..……………………………………………………        42 

Figure 1.10: Pad micrographs of (a) IC 1000, (b) EPIC D100 and (c) JSR …….        45 

Figure 1.11: Pad micrographs of (a) Suba, (b) Politex and (c) Fujibo ………….        46 

Figure 1.12: SEM images of (a) a well-conditioned pad and (b) a glazed pad …        47 

Figure 1.13: SEM image of a top view of a diamond disk ……………………..        48 

Figure 1.14: SEM images of Freudenberg pad conditioned by various diamond sizes of  

(a) new pad, (b) 60-grit, (c) 100-grit and (d) 200-grit …………….        49 

Figure 1.15: Manufacturing process of fumed silica ……………………………        52 

Figure 1.16: TEM images of (a) fumed silica and (b) colloidal silica …………..        53 



 

 

14 

LIST OF FIGURES - Continued 

Figure 1.17: Photograph of a top view of a 300 mm PEEK retaining ring …….          55 

Figure 1.18: Photographs of a top view of retaining rings with (a) sharp and (b) round 

                  angle slot design ..…………………………………………………        55 

Figure 1.19: Schematic of dishing and erosion …………………………………        57 

Figure 1.20: Major factors contributing to the total CoO of the CMP module …        59 

Figure 2.1: The Araca APD-500 polisher and tribometer ……………………        65 

Figure 2.2: The front panel of the APD-500 …………………………………        66 

Figure 2.3: The right panel of the APD -500 …………………………………        67 

Figure 2.4: Wafer carrier system of the APD-500 ……………………………        69 

Figure 2.5: Ceramic template of the carrier head ……………………………        69 

Figure 2.6: (a) The polishing side and (b) back side of the wafer template with  

backing film for 200 mm wafer CMP ……………………………        70 

Figure 2.7: The pad conditioning system of the APD-500 …………………..        71 

Figure 2.8: The polishing platen of the APD-500 ……………………………        72 

Figure 2.9: Slurry/water tanks of the APD-500 ………………………………        73 

Figure 2.10: Slurry/water delivery nozzles ……………………………………        73 

Figure 2.11: Location of the four load cells for down force measurement ……        74 

Figure 2.12: Load cells for shear force measurement …………………………        75 

Figure 2.13: Example of shear force and down force measured by load cells …        75 

Figure 2.14: Conditioning down force program ………………………………        76 

Figure 2.15: Polishing measurement program …………………………………        77 



 

 

15 

LIST OF FIGURES - Continued 

Figure 2.16: Waveform analysis program: Forces …………………………….        78 

Figure 2.17: Waveform analysis program: COF ………………………………        79 

Figure 2.18: The Araca APD-800 polisher and tribometer ……………………        82 

Figure 2.19: The primary ON/OFF switch of the APD-800 …………………..        83 

Figure 2.20: Manual switches on the front of the APD-800 …………………..        83 

Figure 2.21: The front panel of the APD-800 …………………………………        84 

Figure 2.22: Wafer carrier system of the APD-800 ……………………………        86 

Figure 2.23: The pad conditioning system of the APD-800 ……………………        87 

Figure 2.24: Pressure chamber of the pad conditioning system ………………..        87 

Figure 2.25: The polishing platen of the APD-800 …………………………….        88 

Figure 2.26: Slurry/water tanks of the APD-800 ………………………………        89 

Figure 2.27: Slurry/water delivery nozzles and infrared detector ………………        89 

Figure 2.28: Load cell for shear force measurement ……………………………        90 

Figure 2.29: Conditioning down force program ………………………………..        91 

Figure 2.30: Polishing measurement program: transient measurement …………        92 

Figure 2.31: Polishing measurement program: current measurement ………….        93 

Figure 2.32: Waveform analysis program: COF………………………………..        94 

Figure 2.33: Waveform analysis program: Temperature ………………………        95 

Figure 2.34: AIT CMT-SR5000 four-point probe ………………………………        98 

Figure 2.35: SENTECH FTP reflectometer ……………………………………        98 

Figure 2.36: UVIZ-100 system attached to APD-800 …………………………      100 



 

 

16 

LIST OF FIGURES - Continued 

Figure 2.37: Main menu of the UVIZ-100 software …………………………       101 

Figure 2.38: Capture image program of the UVIZ-100 software ……………       102 

Figure 2.39: Image analysis program of the UVIZ-100 software ……………       104 

Figure 2.40: Calibration procedure of the UVIZ-100 system ……………….       105 

Figure 2.41: Zeiss LSM 510 META NLO Laser Confocal Microscope ……..       106 

Figure 2.42: Illustration of the light path of laser scanning microscope ……..       108 

Figure 2.43: Confocal pad sample holder ……………………………………       109 

Figure 2.44: Schematic of the confocal pad sample holder assembly ……….       110 

Figure 2.45: Illustration of light reflection and refraction at pad-wafer interface        111 

Figure 2.46: Example pad-wafer contact image obtained from the laser confocal  

microscopy ……………………………………………………       112 

Figure 2.47: Example pad topographic image collected by the laser confocal  

microscopy ……………………………………………………       113 

Figure 3.1: Schematic of three-body contact in CMP …………………….       115 

Figure 3.2: Stribeck curve for a journal bearing-shaft system ……………       117 

Figure 3.3: Generic Stribeck curve based on Sommerfeld number ………       120 

Figure 3.4: An example of pad surface height probability density function       127 

Figure 4.1: Images of (a) 3M A2810 disc and (b) MMC TRD disc ………       132  

Figure 4.2: COF for 3M A2810 disc and MMC TRD disc ………………       133 

Figure 4.3: Copper removal rate for 3M A2810 disc and MMC TRD disc       134 

Figure 4.4: Pad surface contact area image for pad sample conditioned by 3M A2810   

                  disc (left) and details of the contact area (right) ………………       135 

http://www.zeiss.com.sg/4125684700380D3D/ContentsWWWIntern/2572924D4295953A48256EAD00295A8E


 

 

17 

LIST OF FIGURES - Continued 

Figure 4.5: Pad surface contact area image for pad sample conditioned by MMC TRD  

                  disc (left) and details of the near contact area (right) ……………       135 

Figure 4.6: Pad surface topography image for pad sample conditioned by 3M A2810  

                  disc ………………………………………………………………       136 

Figure 4.7: Pad surface topography image for pad sample conditioned by MMC TRD  

                  disc ………………………………………………………………       137 

Figure 4.8: Comparison of pad surface height probability density function of 3M  

                  A2810 disc and MMC TRD disc …………………………………       137 

Figure 4.9: SEM image for pad sample conditioned by 3M A2810 disc (top) and  

                  enlarged details (bottom) …………………………………………       139 

Figure 4.10: SEM image for pad sample conditioned by MMC TRD disc (top) and  

                  enlarged details (bottom) …………………………………………       140 

Figure 5.1: Example pad surface contact area image …………………………       146 

Figure 5.2: Topographic image corresponding to contact area image in Figure 5.1  147 

Figure 5.3: SEM image for a large pad surface contact area (top), and enlarged details  

                  (bottom) ……………………………………………………………       148 

Figure 5.4: Schematic of pad surface topography and the pressing process ……     150 

Figure 5.5: Young’s modulus simulation for large contact area pad surface ……    150 

Figure 5.6: A contact area of 793μm
2
 corresponds to a Young’s modulus of 64 MPa 

                  ………………………………………………………………………     151 

Figure 5.7: Summary of removal rate and total contact area results……………       154 



 

 

18 

LIST OF FIGURES - Continued 

Figure 5.8: Measured total large contact area based on contacting asperity threshold  

                  size ………………………………………………………………       156 

Figure 5.9: Measured total small contact area based on contacting asperity threshold  

                  size ………………………………………………………………       157 

Figure 7.1: (a) Cross sectional view of the SKW3-2 wafer and (b) SKW3-2 mask floor  

                  plan ………………………………………………………………       172 

Figure 7.2: Example of topographic image of the pad surface ………………       174 

Figure 7.3: Schematic of pad surface topography ……………………………       175 

Figure 7.4: (a) Summit contours, (b) the fitted surface and (c) the color bar …       177 

Figure 8.1: Top view of a polisher with (a) standard slurry application method and (b)   

novel slurry injection system ……………………………………       186 

Figure 8.2: Image analysis: (a) raw image, (b) grey scale image, and (c) cropped  

image ………………………………………………………………       191 

Figure 8.3: Quantifying the brightness: (a) brightness (in A.U.) data of one image at  

0.6 m/s, (b) average brightness (in A.U.) calculation for fifty images at 0.6 

m/s having  primary oscillation frequency of approximately 0.8 Hz, (c) 

brightness (in A.U.) data of one image at 1.2 m/s, and (d) average 

brightness (in A.U.) calculation for fifty images at 1.2 m/s having primary 

oscillation frequency of approximately 1.4 Hz ……………………       192 

Figure 8.4: Slurry film thickness calibration curve …………………………       193 

  



 

 

19 

LIST OF FIGURES - Continued 

Figure 8.5: Effect of slurry delivery method, retaining ring pressure, and sliding  

velocity on average bow wave thickness (P1 = 13.1 kPa, P2 = 26.2 kPa, 

V1 = 0.6 m/s, V2 = 1.2 m/s) ………………………………………       195 

Figure 9.1: Retaining rings with (a) sharp and (b) rounded angle slot designs       204 

Figure 9.2: Experimental setup on an Araca APD-800 polisher ………………       206 

Figure 9.3: Effect of retaining ring slot design on average bow wave thickness. (P1 =  

13.1 kPa, P2 = 26.2 kPa, V1 = 0.6 m/s, V2 = 1.2 m/s, Q1 = 150 ml/min, 

Q2 = 300 ml/min) ………………………………………………       208 

Figure 9.4: Effect of pad/retaining ring sliding velocity on average bow wave  

thickness. (P1 = 13.1 kPa, P2 = 26.2 kPa, V1 = 0.6 m/s, V2 = 1.2 m/s, Q1 

= 150 ml/min, Q2 = 300 ml/min) ………………………………       210 

Figure 9.5: Effect of retaining ring pressure on average bow wave thickness. (P1 =  

13.1 kPa, P2 = 26.2 kPa, V1 = 0.6 m/s, V2 = 1.2 m/s, Q1 = 150 ml/min, 

Q2 = 300 ml/min) ………………………………………………       212 

Figure 9.6: Effect of slurry flow rate on average bow wave thickness. (P1 = 13.1 kPa,  

P2 = 26.2 kPa, V1 = 0.6 m/s, V2 = 1.2 m/s, Q1 = 150 ml/min, Q2 = 300 

ml/min) …………………………………………………………       214 

 

 

 

 

  



 

 

20 

LIST OF TABLES 

Table 2.1: Hardware components and their functions …………….………….        65 

Table 2.2: Parts and functions of the APD-500 front panel ……….………….        66 

Table 2.3: Parts and functions of the APD-500 right panel ……….………….        67 

Table 2.4: The APD-500 components specifications …………….……………        80 

Table 2.5: APD-800 hardware components and their functions ….…………..        82 

Table 2.6: Parts of manual switches and their functions ………….………….        84 

Table 2.7: Parts and functions of the APD-800 front panel ……….…………        85 

Table 2.8: The APD-800 components specifications …………….……………        96 

Table 2.9: Parts and their functions of the UVIZ-100 …………….…………        100 

Table 7.1: Dishing comparison between the 3M disc and MMC disc for different  

                  pattern densities …….………….…………………….……………      180 

Table 7.2: Erosion comparison between the 3M disc and MMC disc for different  

                  pattern densities …….………….…………………….……………      180 

 

 

 

 



 

 

21 

NOMENCLATURE 

 

a      = A dimensionless parameter and used to scale the wafer pressure 

A      = Exponential factor 

A flat         = Total area including the land area and the bottom area of the groove 

A up - features     = Land area of the pad surface 

cp     = Empirical proportionality constant 

C     = Local molar concentration of the reactant 

Cp     = Heat capacity 

E      = Pad modulus 

Ea      = Slurry activation energy 

I      = Current 

k     = Preston’s constant 

k1     = Chemical rate constant 

k2     = Mechanical rate constant 

L     = Abraded material 

L     = Product layer 

n     = Number of moles 

p     = Polishing pressure 

P     = Applied pressure to the shaft 

r      = Resistivity 

R     = Reactant 

Ra pad surface    = Pad surface roughness 

RR     = Removal rate 

S     = Slurry film 

t     = Film thickness 

T     = Wafer surface reaction temperature 

Tp     = Mean leading edge pad surface temperature 

u     = Relative shaft-bearing linear velocity 

U     = Voltage 

v     = Void fraction of the polishing pad 

V     = Relative pad-wafer velocity 

Mw     = Molecular weight 
l

p          = Constant 

δ         = Effective slurry thickness at the pad-wafer interface 

δ groove         = Groove or perforation depth 

ζ     = Tool parameter 

ηs     = Summit area density 

κ     = Pad thermal conductivity 

κs     = Mean summit tip curvature 

µ      = Viscosity of the lubricant 

µk      = Coefficient of friction 

ρ      = Density  



 

 

22 

ABSTRACT 

 

This dissertation presents a series of studies related to the characterization and 

optimization of consumables during Chemical Mechanical Planarization (CMP). These 

studies are also evaluated with the purpose of reducing the cost of ownership as well as 

minimizing the potential environmental impacts. 

It is well known that pad-wafer contact and pad surface micro-structure have 

significant impacts on polishing performance. The first study in this dissertation 

investigates the effect of pad surface contact and topography on polishing performance 

during copper CMP. Two different types of diamond discs (3M A2810 disc and MMC 

TRD disc) are used to condition the polishing pad. Pad surface contact area and 

topography are analyzed using laser confocal microscopy and scanning electron 

microscopy (SEM) to illustrate how variations in pad surface micro-texture affect the 

copper removal rate and the coefficient of friction (COF). Polishing results show that the 

3M A2810 disc generates significantly higher COF (16%) and removal rate (39%) than 

the MMC TRD disc. Pad surface analysis results show that the 3M A2810 disc and MMC 

TRD disc generate similar pad surface height probability density function and pad surface 

abruptness. On the other hand, the MMC TRD disc generates large flat near contact areas 

that correspond to fractured and collapsed pore walls while the 3M A2810 disc generates 

solid contact area and clear pore structures. The fractured and collapsed pore walls 

generated by the MMC TRD disc partly cover the adjacent pores, making the pad surface 
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more lubricated during wafer polishing and resulting in a significantly lower COF and 

removal rate.   

In the next study, the individual “large” pad surface contact areas are 

differentiated from the “small” contact areas and their role in copper CMP is investigated. 

Surface topography and the structure of a typical individual large contact area are 

examined via laser confocal microscopy and SEM. In addition, the Young’s Modulus of 

the pad surface material is simulated. A case study is presented to illustrate the role of the 

individual large contact area of IC1000 K-groove pad in copper CMP. SEM analysis 

shows that the individual large pad surface contact areas are induced by fractured pore 

walls and loosely attached pad debris. Simulation results indicate that individual large 

contact areas correspond to very low values of the Young’s modulus (about 50 MPa). 

Such low values indicate that the pad material is soft and the summit underlying the 

individual large contact is not fully supported. As a result, individual large contact area 

implies low contact pressure and may contribute little to removal rate. Case study results 

confirm that the individual large contact area has minimal contribution to removal rate 

and indicate that the removal rate is mainly caused by small individual contact areas. In 

our case, small contact areas correspond to those smaller than 9 square microns. We 

believe that this methodology can be also applied for other kinds of pad, although the 

threshold values that may define “small” and “large” individual contact areas for different 

pads and processes need to be further investigated. 

In the third study, the effect of pad surface micro-texture in interlayer dielectric 

CMP is also investigated. Blanket 200-mm oxide wafers are polished and the polishing 
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pad is conditioned under two different conditioning forces (26.7 and 44.5 N). Results 

show that when conditioning force is increased from 26.7 to 44.5 N, oxide removal rate 

increases by 65% while COF increases by only 7%. Pad surface contact area and 

topography are measured and analyzed to illustrate their effects on the oxide removal rate. 

While the two conditioning forces generate similar pad surface abruptness, pad surface 

contact area is significantly lower (by 71%) at the conditioning force of 44.5 N. Such 

dramatic decrease in pad surface contact area leads to a significant increase in local 

contact pressure and therefore results in a significant increase in oxide removal rate. The 

oxide removal rate and local contact pressure exhibits a Prestonian relationship.  

Besides the above studies on the effect of the pad surface micro-texture during 

blanket wafer polishing, the fourth study investigates how pad micro-texture affects 

dishing and erosion during shallow trench isolation (STI) patterned wafer polishing. Two 

different types of diamond discs (3M A2810 disc and MMC TRD disc) are used to 

condition the pad during wafer polishing. Dishing and erosion analysis for the patterned 

wafer polishing is performed using a surface profiler. To illustrate the effect of pad 

surface micro-texture on dishing and erosion, pad surface abruptness and mean pad 

summit curvature are analyzed using laser confocal microscopy. Polishing results show 

that the two discs generate similar blanket wafer removal rates, while the MMC TRD 

disc generate significantly higher dishing and erosion than the 3M A2810 disc during 

patterned wafer polishing. Results of pad surface micro-texture analysis show that the 

MMC TRD disc generates sharper asperities with higher mean pad summit curvature than 

the 3M A2810 disc, resulting in higher dishing and erosion. 
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Another contribution of this dissertation is the development of a slurry film 

thickness quantification technique using ultraviolet-enhanced fluorescence. The 

technique is developed to measure slurry film thickness at any location of interest. In the 

next study of this dissertation, this new technique is applied to determine how two 

different slurry application/injection schemes (standard pad center area application 

method and novel slurry injection system) along with various polishing conditions such 

as sliding velocity, ring pressure and slurry flow rate affect slurry availability in the bow 

wave region of the polisher. For the standard pad center area application method, slurry is 

directly applied onto the pad center area and a large amount of fresh slurry flow directly 

off the pad surface without flowing to the pad-retaining ring interface due to the 

centrifugal forces. For the novel slurry injection system, slurry is introduced through an 

injector that is placed adjacent (< 3 cm) to the retaining ring on the pad surface. Such a 

close distance between the injector and retaining ring allows most of the fresh slurry to be 

delivered efficiently to the leading edge of the retaining ring after it is injected onto the 

pad surface. Results show that the novel slurry injection system generates consistently 

thicker bow waves (up to 104 percent) at different sliding velocities, slurry flow rates and 

ring pressures, therefore providing more slurry availability for the pad-retaining ring 

interface and potentials for slurry consumption reduction in CMP processes. First order 

calculations yield estimates of slurry savings associated with the novel slurry injection 

system ranging between 8 and 48 percent depending on specific process conditions. 

In the last study of this dissertation, the effect of retaining ring slot design and 

polishing conditions on slurry flow dynamics at the bow wave is investigated. The 
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ultraviolet-enhanced fluorescence technique is employed to measure the slurry film 

thickness at the bow wave for two retaining rings with different slot designs. Multiple 

sliding velocities, slurry flow rates and ring pressures are investigated. Results show that 

the retaining ring with the sharp angle slot design (PEEK-1) generates significantly 

thicker (on average 48%) slurry films at the bow wave than PEEK-2 which has a rounded 

angle slot design. For PEEK-1, film thickness at the bow wave increases with the 

increasing of flow rate and ring pressure and decreases with the increasing of sliding 

velocity. On the other hand, film thickness at bow wave does not change significantly for 

the PEEK-2 ring at different polishing conditions indicating an apparent robustness of the 

PEEK-2 design to various operating conditions. With retaining rings having different 

designs, and all else being the same, a thinner bow wave is preferred since it is indicative 

of a ring design that allows more slurry to flow into the pad-wafer interface. Therefore, 

the work underscores the importance of optimizing retaining ring slot design and 

polishing conditions for efficient slurry utilization. 
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CHAPTER 1 

INTRODUCTION 

 

Chemical Mechanical Planarization (CMP) has been widely used in the integrated 

circuit (IC) manufacturing industry to achieve local (micrometer scale) and global 

(millimeter scale) surface planarity through combined chemical and mechanical means. 

This dissertation focuses on the characterization of CMP consumables and their effect on 

process performance. The goal of this dissertation is to improve process performance 

while lowering cost of ownership (CoO) and reducing the environmental effects by better 

understanding the fundamentals of CMP process.  

 

1.1 The Development of IC Manufacturing 

ICs (also referred to as chips) are a set of electronic circuits that are built on a 

small piece of semiconductor material, typically silicon (Si). Essentially, ICs consist of a 

large number of components such as transistors, resistors and capacitors (Meled 2011). 

The IC manufacturing industry has been growing nonstop for the past few decades. As 

predicted by Intel’s co-founder Gordon E. Moore in 1965, the number of transistors on a 

die doubles every eighteen months to two years during which the cost is cut in half 

(Moore 1965). The trend has been maintained for almost half a century and is expected to 

continue for the next few decades. The continuous increase in the transistor count on a 

chip relies on the downscaling of device dimensions. Figure 1.1 shows the transistor 

minimum feature size (also referred to as critical dimension) as a function of time from 
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1995 to 2025. As the number of transistors per square millimeter on the most advanced 

ICs has increased from several million to over 2.5 billion from 1995 to 2013, the 

transistor minimum feature size has scaled down from 340 to 22 nm. The 14 nm 

technologies are currently in the research stage (Wolf 2004; ITRS 2012). 

 

 

Figure 1.1: IC minimum feature size trend (ITRS 2012).  

 

As chips become smaller and more complex, multilevel interconnect schemes are 

implemented to offer more direct routing and to reduce the average length of connections, 

leading to a significant reduction in signal delays and improved chip performance (Li 

2008). As an example, Figure 1.2 shows the schematic diagram of an IC structure with 
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13-level interconnects. The figure on the left represents a thin cross-section of the IC and 

the figure on the right shows the details at the transistor scale. A typical IC manufacturing 

process starts with a bare silicon wafer. Currently, 200 and 300 mm wafers are widely 

employed and the 450 mm wafer processes are still in the experimental stage. The 

transistors are first built at the bottom of the ICs and work as on/off switches. The current 

flows from the source to drain depending on the high or low voltage applied at the 

transistor gate (i.e. there is current flow at high voltage and there is no current flow at low 

voltage). Typically, the gate is made of polysilicon. In addition, there is a thin gate oxide 

layer at the bottom of the polysilicon to separate the gate from the source and drain 

channels. For the current leading-edge IC technology, there are billions of transistors on a 

single chip which perform the necessary logic operations. After building the transistors, 

tungsten (W) plugs are formed to connect the transistors and first layer metal 

interconnects. The subsequent steps in the IC process involve the deposition of metal 

interconnect-lines and dielectrics. Copper (Cu) interconnects have been widely accepted 

in the semiconductor industry due to their higher electrical conductivity and better 

electromigration (EM) resistance than aluminum (Al) interconnects.  

As the circuits become more complex, the number of metal layers also keeps 

increasing. In this case, as shown in Figure 1.2, there are thirteen layers of Cu conductor 

lines interconnected by vertical vias and the Cu lines are isolated by the inter-layer 

dielectric. 
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Figure 1.2: Schematic of an IC cross-section.  

 

An actual cross-sectional scanning electron microscope (SEM) image of ten-level 

metal structure is shown in Figure 1.3. The dimension is 3.75 micron at the scale shown 

at the bottom right of the figure. The lighter parts of the image represent metal lines and 

the darker parts are the insulation, which is usually made of silicon dioxide (SiO2). The 

ten-level metal lines are referred to as M1 to M10, respectively. The Cu interconnects 

make contact with the transistors through the W-plugs at the bottom of the image. The Cu 

and dielectrics are built sequentially from the bottom up, layer by layer, and such 

processes may involve hundreds of individual steps. Each surface must be quite flat 

before building the upper layer. 
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Figure 1.3: Cross section SEM image of ten-level Cu dual-damascene interconnects 

(Ohba 2002).  

 

1.2 Introduction to CMP 

With decreasing transistor minimum feature size and increasing interconnect 

levels in ICs, the planarization of dielectric and metal layers becomes more critical (Wolf 

2004) for two main reasons. First, the critical dimension decreases either through the 

decrease in exposure wavelength (λ) or through the increase in numerical aperture (NA) 

during photolithography processes, which will cause the depth of focus (DOF) to 

decrease dramatically. Figure 1.4 shows the depth of focus as a function of time. DOF 

has been decreasing from 700 nm to 500 nm from 1999 to 2013. DOF refers to the 

vertical range in which the image can be focused. The decrease in DOF means the 
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tolerance for the topography on the surface also decreases. For example, a DOF of 500 

nm requires a perfectly smooth surface with a maximum step height of the topography of 

no more than 500 nm. Otherwise, the DOF cannot cover the step height of the uneven 

surface and therefore the pattern cannot be transferred accurately (Li 2008). Second, non-

planar or rugged topography builds up at metallization levels. Figure 1.5 schematically 

shows the comparison of the multilevel interconnect structure built on non-planarized and 

planarized surfaces. The figure on the left represents metal interconnects which are 

fabricated on the steep surface. As can be seen from the figure, step height of uneven 

surface develops with increasing metallization layers. This may cause the problems of 

metal thinning and wire shorting or opening. These problems will eventually affect 

device speed or even cause device failure and yield loss. In comparison, the figure on the 

right represents the multilevel interconnects built on an effectively planarized surface. 

The planarization of each metal and dielectric layer has several key benefits: (a) 

elimination of step coverage problems, (b) minimization of uneven metallization layer 

thickness, (c) reduction of prior layer defects, (d) minimization of current leaks and 

electromigrations, (e) higher device speed, and (f) higher photolithography and etching 

rate (Zantye et al. 2004). Therefore, the surface of each layer on the chip needs to be 

effectively smooth or flat to meet the critical dimensional requirement of the 

photolithography process.  
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Figure 1.4: Trends in depth of focus 

(http://www.itrs.net/Links/2000UpdateFinal/Lithography2000final.pdf).  

 

 

Figure 1.5: Schematic of multilevel interconnects fabricated without (left) and with 

(right) planarization (Li 2008; Wolters 2003). 
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Up until now, several planarization technologies have been applied to IC device 

manufacturing, such as thermal-flow, sacrificial resist-etchback and spin-on glass (Oliver 

2004). However, these technologies can only offer a limited degree of local-planarization 

(<10 µm distance) and none of them can meet the planarization requirement for chips 

with more than three layers of metal interconnects (Wolf 2004).  

Only a process known as CMP can offer adequate levels of both local 

(micrometer length scale) and global (millimeter length scale) planarization which meet 

the requirement of photolithography. CMP offers several critical advantages as follows 

(Zantye et al. 2004): 

1. Adequate global planarization and thus wide range of wafer surfaces can be 

polished. 

2. Capability to planarize multi-material surfaces during the same polishing step. 

3. Eliminating metal step coverage concerns caused by reduced DOF in 

photolithography. 

4. Minimal unevenness buildup problem in multilevel structure, thus helping to 

achieve high device speed and high manufacturing yield for deep submicron 

ICs fabrication.  

 

1.3 The Applications of CMP in IC Manufacturing 

CMP continues to grow rapidly and has become one of the most important IC 

technologies since it was invented by IBM more than 30 years ago. Now CMP is widely 

used for planarizing both dielectric films (mainly in interlayer dielectric (ILD) and 
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shallow trench isolation (STI) making processes) and metal films (mainly in W-plugs and 

Cu damascene forming steps) (Wolf 2004). 

 

1.3.1 ILD CMP 

One of the most common applications of CMP is the ILD film planarization, 

which provides planar surface between interconnecting metal layers in the back end. For 

some advanced ICs, more than thirteen layers of metal interconnects are used. Before the 

deposition of the second and all subsequent metal layers, dielectric layers have to be 

perfectly formed. The dielectric layers electrically isolate all of the neighboring metal 

layers in the multilevel structure. The image on the left of Figure 1.6 illustrates the 

formation processes of the dielectrics between the metal interconnects. The process starts 

with the deposition of the dielectric into trenches, which is followed by an ILD CMP 

process to achieve desired thickness and planarization level.  

ILD CMP is a relatively easy process because there is only one kind of material 

that needs to be removed and no stop layer. The performance of the process mainly 

depends on consistent material removal rate, within-wafer and within-die uniformity (Li 

2008). 
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Figure 1.6: Schematic of ILD CMP (left) and STI formation processes (right). 

 

1.3.2 STI CMP            

STI is an effective isolation structure widely used in the deep submicron IC 

fabrication to separate active devices. The image on the right of Figure 1.6 shows the 

general process of forming STI structure. The flow starts with the growth of a thermal-

oxide layer (also referred to as pad oxide) followed by the deposition of a nitride mask 

layer by low pressure chemical vapor deposition (LPCVD). The pattern transfer is carried 
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out through photolithography. During lithography, the pad oxide, nitride and silicon 

substrate are then etched sequentially at the desired location to form trenches into the 

silicon. The trenches are first filled with a thin oxide layer through thermo-oxidation and 

then filled with bulk oxide by CVD. A CMP process is implanted to remove excess 

burden of dielectric until reaching the nitride surface. Finally, the nitride mask is stripped 

and STI structure is formed. 

Since the neighboring materials (silicon nitride and silicon dioxide) have different 

polishing rates, oxide dishing in the trenches and nitride erosion are inevitably formed. 

Careful control of the CMP process is critical to minimize the dishing and erosion.  

 

1.3.3 Cu CMP 

Since 2002, Cu has been working as the main on-chip conductor for all types of 

ICs due to its superior conductivity and EM resistance. The primary contribution of Cu in 

ICs is its application on multilevel interconnecting structure. The image on the left of 

Figure 1.7 illustrates the Cu-damascene formation process. The first step is the building 

of the trenches into ILD using lithography and etching techniques. A thin, conformal 

barrier layer such as Ta/TaN is deposited by sputtering or CVD to prevent Cu from 

diffusing through SiO2. A thin Cu seed layer is deposited on the barrier by physical vapor 

deposition (PVD). Bulk Cu is then filled into trenches by electroplating. The excessive 

Cu is removed by CMP. The underlying barrier layer is then polished at the end (Wolf 

2004).  
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The main difficulty in Cu damascene CMP is that both the extra Cu and the 

underlying barrier need to be removed and they may have quite different polishing rates 

with a certain type of slurry. To obtain a perfectly planarized Cu damascene surface 

which includes three types of materials (i.e. Cu, barrier and dielectric), there are two main 

planarization methods. One method is to have a CMP process with desired selectivity, 

such as low selectivity (1:1) between Cu and Ta and very high selectivity (> 100:1) 

between Cu and dielectric. The other method is to use a multistep CMP process. 

Typically three steps are used. The excessive Cu is removed first by CMP and then the 

barrier is polished, followed by an oxide buffing step. The selection of proper slurry is 

critical in all of the three steps (Wolf 2004).  

   

  Figure 1.7: Schematic of Cu-damascene (left) and W-plug (right) formation processes. 
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1.3.4 W CMP 

W-plugs are widely used in ICs to connect the first Cu layer with the transistors. 

The image on the right of Figure 1.7 schematically shows the general steps for forming 

W-plugs. The process includes: a) the building of trenches into oxide b) deposition of a 

contact layer (Ti) c) deposition of an adhesion/barrier layer (TiN) d) deposition of W e) 

removal of excessive W by CMP and f) removal of adhesion layer by CMP. 

Similar to Cu damascene CMP, the complication of the W CMP process is that 

the formation of W-plugs requires extra adhesion and diffusion films (Ti/TiN) which also 

need to be removed. The W CMP process involves the removal of three materials - W, Ti 

and TiN (Li 2008). Multistep polishing schemes are also used during the W CMP 

process. These are W removal, Ti/TiN removal and oxide buffing, respectively.   

 

1.4 Generic CMP Process and CMP Consumables  

Figure 1.8 shows a generalized schematic of a rotary CMP tool, which consists of 

a carrier head, a polishing pad, a pad conditioner, a slurry injection system and other 

accessories. The wafer to be polished is secured by a retaining ring and attached to the 

carrier head. A certain amount of down force is applied through the carrier head to the 

wafer against a polishing pad. Both wafer and pad rotate counter clockwise. Slurry 

containing reactive chemicals as well as abrasive nanoparticles is injected on top of the 

pad surface. In the current state-of-the-art technology, slurry is injected onto the pad 

center by a single slurry tube and then transported to the pad-wafer interface through the 

rotation of the platen and wafer. Several other factors also affect the slurry transportation, 
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such as slurry injection schemes, pad grooves and retaining ring designs. Chemicals in 

the slurry react with the wafer surface to form a soft film, which is then removed by 

mechanical forces induced by abrasive nanoparticles in the slurry as well as by the pad 

asperities. Because of mechanical abrasion, the rough pad surface flattens during 

polishing. Typically, a pad conditioner embedded with tens of thousands of diamonds is 

used to regenerate pad asperities and prevent the removal rate decay. As can be seen from 

Figure 1.8, CMP requires several consumables such as retaining ring, wafer, slurry, pad 

and pad conditioner. These consumables account for a large portion of the total CoO of 

the CMP module and their properties greatly affect the polishing performance. The 

subsequent sections will highlight some of the important consumables, including 

polishing pad, pad conditioner, slurry and retaining ring. 

 

 

Figure 1.8: Generalized schematic of a rotary CMP Tool. 
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1.4.1 Polishing Pad 

As shown in Figure 1.8, the polishing pad attached on top of the platen makes 

direct contact with the wafer surface during planarization. The polishing pad plays a 

crucial role during CMP. It mainly performs three functions (Li 2005). First, it provides 

mechanical action to remove the chemically modified wafer surface layer through its 

asperities. Second, it delivers fresh slurry to the wafer via grooves and pad surface 

topography. Third, it transports away spent slurry and polishing byproducts (i.e. pad 

debris and heavy metal ions) from the wafer.  

Pad structures affect polishing performance and therefore determine its 

applications in CMP. Pad structures consist of macrostructures and microstructures. 

Typically, macrostructures of a polishing pad refer to pad surface grooves and/or 

perforations (Li 2008), which have many functions including (Oliver 2004; Muldowney 

2004): 

1. Act as channels to transport fresh slurry to the wafer  

2. Uniformly distribute slurry across the pad surface to improve material 

removal rate uniformity on a global scale 

3. Provide channels for the removal of used slurry, polishing byproducts and 

heat from the pad surface 

4. Prevent wafer hydroplaning on the pad surface 

5. Reduce hydrostatic suction and help release wafers from the pad surface after 

polishing. 



 

 

42 

Currently, commercially available pads have concentric, xy, floral and 

logarithmic grooved designs or a combination of these (Sampurno 2008). Among them, 

concentric groove and xy-groove, shown in Figure 1.9, are most widely used in CMP.  

 

   

(a)                                (b) 

Figure 1.9: Photograph of a top view of pads with (a) concentric groove and (b) xy-

groove. 

    

In addition to macrostructures, pad microstructures are also very important. 

Differentiated by their microstructures, commercially available polyurethane pads can be 

classified as four types (Li 2008): filled polymer films, unfilled textured polymer films, 

felts and polymer-impregnated felts, and micro-porous synthetic leathers. The first two 

types of pads are relatively hard. They are commonly used for ILD, STI and Cu 

damascene CMP applications and are expected to provide higher within-die uniformity 

and, therefore, better local planarity since hard pads do not conform to topography (Wolf 
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2004). Examples of this kind of pad include Dow IC-1000 series, Cabot EPIC series, JSR 

series, and so on. Figure 1.10 shows their micrographs. In comparison, the last two types 

of pads are relatively soft. They are commonly used for tungsten CMP applications, final 

buffing for ILD and STI, and as sub-pads. Soft pads are expected to provide better global 

planarity across the entire wafer since soft pads conform to topography (Wolf 2004). 

Examples include the Dow Suba series, the Politex series and Fujibo series. Figure 1.11 

shows their micrographs. 

Typically, pad microstructure is a result of pad conditioning as well as the 

inherent porosity and materials of the pad (Sun 2009). The pad surface will be glazed if 

the pad is not properly conditioned during the CMP process, resulting in material removal 

rate decay. In order to maintain stable removal rate, pad conditioning is employed to 

regenerate pad surface micro-structure by either in-situ or ex-situ schemes.   

As pad microstructures greatly affect polishing performance, this dissertation will 

characterize pad surface micro-texture using a laser confocal microscopy and investigate 

its effect on Cu, ILD and STI CMP performance, respectively.  
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(a) 

 

 

(b) 
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(c) 

Figure 1.10: Pad micrographs of (a) IC 1000, (b) EPIC D100 and (c) JSR (JSR). 

 

 

(a)                                    (b) 
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(c) 

Figure 1.11: Pad micrographs of (a) Suba, (b) Politex and (c) Fujibo 

(Dow; http://www.aspe.net/publications/Annual_2008/POSTERS/0 GRIND     .PDF ). 

 

1.4.2 Pad Conditioner 

Because of mechanical forces between the wafer and the pad surface, if not 

conditioned properly, the pad surface is flattened and its pores are clogged with debris 

and slurry abrasive particles (called pad glazing) (Oliver 2004). Figure 1.12 shows SEM 

images of a well-conditioned pad and a glazed pad, respectively. As seen from Figure 

1.12 (b), for the glazed pad, the pores are severely clogged and pad surface asperities are 

worn off. As a result, the real contact area between the wafer and pad surface increases 

and therefore the local contact pressure decreases, resulting in lower material removal 

rate (Li 2008). 
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(a)                                  (b) 

Figure 1.12: SEM images of (a) a well-conditioned pad and (b) a glazed pad (Charns et 

al. 2003).  

 

Pad conditioner is therefore necessarily employed to regenerate pad surface 

micro-structure in order to maintain a stable material removal rate. One type of pad 

conditioner is a diamond disk. Figure 1.13 shows an SEM image of a top view of a 

diamond disk which typically consists of tens of thousands of diamonds embedded on 

nickel-plated or a steel disk. However, typically less than one percent of the embedded 

diamonds (called “active diamonds”) perform the cutting action on the pad surface during 

pad conditioning. Among the active diamonds, usually only 10 to 20 diamonds (called 

“aggressive diamonds”) do the majority of the cutting and are therefore subjected to wear 

(Borucki et al. 2007; Borucki et al. 2008; Wu et al. 2013). 
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Figure 1.13: SEM image of a top view of a diamond disk 

(http://www.kinik.com.tw/KINIK/products/CMP_en.asp). 

 

Pad conditioner design influences pad surface microtexture, which in turn affects 

polishing performance. Diamond size is an important parameter that pad conditioner 

design should address. The size of the diamond is determined by the grit system in which 

a higher grit number indicates a smaller diamond size. The smaller grits are typically 

more aggressive than the higher grits (Sun 2009). Figure 1.14 compares the effect of 

conditioning with diamonds of various sizes on pad texture. As can be seen from the 

figure, diamonds with 200-grit number (i.e. smaller diamond size) fails to completely 

open pad pores. On the contrary, 60-grit diamonds (i.e. larger diamond size) is too 

aggressive, resulting in damage of pore micro-structure.  
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Figure 1.14: SEM images of Freudenberg pad conditioned by various diamond sizes of 

(a) new pad, (b) 60-grit, (c) 100-grit and (d) 200-grit (Charns et al. 2003). 

 

Diamond shape is another important parameter in pad conditioner design. In 

general, diamond shape can be classified as blocky diamond and irregular diamond. 

Blocky diamonds lead to a lower cutting rate and wear slower. In comparison, irregular 

diamonds have a higher cut rate and wear faster (Sun 2009).  
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In addition to pad conditioner design, operating conditions (i.e. conditioning 

down force, rotation speed and sweep frequency) also influence pad surface texture, 

which in turn affects polishing performance.  

In this dissertation, the pad micro-texture generated by differently designed 

diamond disks or by the same disk at different down forces is characterized and its effect 

on copper, ILD and STI polishing performance is investigated.   

 

1.4.3 Slurry 

CMP Slurries are multi-component and multi-phase systems consisting of ultra-

fine solid particles dispersed in liquid media (typically water-based). Slurry plays a 

critical role during CMP. It mainly has four functions as follows (Oliver 2004): 

1. Provides the chemical action to form a softer passivated film on wafer surface 

2. Provides the mechanical action through abrasive nanoparticles to remove the 

chemically modified wafer surface film 

3. Acts as a medium to transport away the polishing by-products 

4. Dissipates the heat generated by the friction of the CMP process. 

During CMP, chemicals in slurry react with the wafer surface to form a 

chemically modified surface film, which is then removed by mechanical abrasion induced 

by abrasive nanoparticles in slurry and pad asperities. Therefore, both chemicals and 

abrasive nanoparticles in slurry are important.  
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In general, chemicals in the slurry contain oxidizers, chelating agents, surfactants, 

organic or inorganic acids or bases, inhibitors and so on. Their functions are briefly 

summarized as follows (Li 2008; Oliver 2004; Wolf 2004): 

1. Oxidizers. They are typically used in metal CMP slurries. An oxidizer reacts 

with the metal surface to form a soft metal oxide film that can be removed 

more easily by mechanical action. 

2. Chelating agents. During CMP, the abraded materials may remain at the 

interface and redeposit on the wafer surface. In order to address this problem, 

chelating agents are added to facilitate the dissolution of the abraded 

materials, which are then moved into the waste stream. 

3. Surfactants. Surfactants are a class of chemicals which contain both hydro- 

phobic and hydrophilic groups. The function of surfactant is to modify the 

electrical charge of abrasive particles to control slurry stability and modify 

wafer surface. 

4. Organic/inorganic acids or bases. They are used for controlling PH values. 

5. Inhibitors. Their function is to control static etch rate by protecting porous 

metal layers. The more inhibitor, the lower the corrosion rate, but too much 

can stop the polishing. 

Silica, alumina and ceria are the most commonly used types of CMP slurry 

particles. Among them, silica is widely used in ILD, STI, tungsten and copper slurries, 

alumina is commonly used for tungsten and copper slurries, while ceria is typically used 

in STI slurries. 
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Silica particles are produced by either the fuming process or the precipitated 

process (Oliver 2004). Fumed silica is manufactured through the combustion reaction of 

silicon chloride with hydrogen and oxygen (Evonik). Figure 1.15 shows the silica fuming 

process. In comparison, colloidal silica is produced by reacting potassium silicate with a 

specific acid (Oliver 2004). Figure 1.16 shows transmission electron microscope (TEM) 

images of each type of silica particulate. Due to their structural formation, fumed silica 

typically has a larger mean diameter than colloidal silica. As a result, fumed silica may 

lead to higher material removal rate and more defects under the same polishing 

conditions. 

 

 

SiClx + H2 + O2      Nano-sized silica particles, HCl, water vapor and hydrogen 

Figure 1.15: Manufacturing process of fumed silica (Evonik). 
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(a)                                 (b) 

Figure 1.16: TEM images of (a) fumed silica and (b) colloidal silica (Dow; Precision 

Colloids, LLC). 

 

Slurry has been reported to amount as much as forty five percent of the total CoO 

of the CMP module (Holland 2002). In the current state-of-the-art technology, fresh 

slurry is mainly injected onto the pad center by a single slurry tube. This method does not 

provide efficient slurry utilization (Philipossian et al. 2003). Also, both chemicals and 

abrasive nano-particles in the used slurry are harmful to the environment. Therefore, 

developing methods that lead to more efficient slurry utilization will not only reduce 

CoO, but also decrease the potential environmental impact caused by the wasted slurry. 

In chapter 8 of this dissertation, the effect of slurry application/injection schemes on 

slurry availability is investigated. 
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1.4.4 Retaining Ring 

Retaining ring is another critical CMP consumable that has been widely used in 

CMP. The primary function of the retaining ring is to secure the wafer and prevent it 

from slipping out during polishing (Wei et al. 2010). Also, the retaining ring helps 

improve within-wafer removal rate uniformity (Mikhaylich et al. 2002; Gitis et al. 2004) 

and facilitate slurry transport into the pad-wafer interface (Liao 2012). 

Figure 1.17 shows the top view of a 300 mm wafer retaining ring. Typical, its 

body has an annular shape. The retaining ring shown in Figure 1.17 is made of 

polyetheretherketone (PEEK), an advanced engineered plastic. Metal, ceramic and 

advanced engineering plastics are the most popular materials used for the manufacturing 

retaining rings (Wei 2010). Currently, advanced engineering plastics are becoming 

increasingly dominant materials for retaining ring because they have good chemical and 

heat resistance abilities and enough stiffness for wafer handling (Wei 2010). 

There are also some slots on the contacting surface of the retaining ring, as shown 

in Figure 1.17. The primary function of the slots is to facilitate slurry transport into the 

pad-wafer interface. The previous study of our research team showed that the slot design 

had significant impacts on the slurry flow between the pad-wafer interface using dual 

emission ultraviolet enhanced fluorescence (DEUV) technique (Wei et al. 2010). Figure 

1.18 shows retaining rings with sharp and round angle slot designs, respectively.  The 

effect of retaining ring slot designs and polishing conditions on slurry flow dynamic at 

the bow wave is investigated in chapter 9 of this dissertation to underscore the 
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importance of optimizing retaining ring slot design and polishing conditions for efficient 

slurry utilization. 

 

Figure 1.17: Photograph of a top view of a 300 mm PEEK retaining ring. 

 

(a)                           (b) 

Figure 1.18: Photographs of a top view of retaining rings with (a) sharp and (b) round 

angle slot design (Liao et al. 2012).  
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1.5 Challenges in CMP 

While CMP is an enabling process in IC manufacturing, it faces serious 

challenges such as process optimization, dishing and erosion, CoO, and Environment, 

Health and Safety (EHS) concerns (Li 2008; Sun 2009). The subsequent sections will 

briefly discuss these challenges. 

 

1.5.1 Optimization of the CMP Process  

CMP is a complex chemical and mechanical process involving many consumables 

as outlined in Section 1.4. Polishing performance is significantly impacted by 

consumables’ properties. For example, polishing performance depends greatly on the 

choice of slurry, abrasive and pad. Pad topography is also critical (Li 2008). To optimize 

the CMP process, it is critical to explore the effect of consumable properties on polishing 

performance. However, the relationship between some properties and polishing 

performance is complicated and not yet fully understood, making the CMP process an 

empirical one. One example is the effect of pad-wafer contact area on material removal 

rate. Most studies showed that the higher contact area led to a lower removal rate due to 

lower local contact pressure. However, the opposite trend was also observed. In chapters 

4, 5 and 6 of this dissertation, the effect of pad-wafer contact area on material removal 

rate during copper and ILD CMP is examined. 
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1.5.2 Dishing and Erosion  

Dishing and erosion are two common topographic issues during copper dual-

damascene and STI CMP. Dishing arises from the fact that adjacent materials are 

polished at different removal rates. For the case of copper dual-damascene CMP, the bulk 

copper is removed first. Since the polishing process and/or the original copper thickness 

are not uniform across the wafer, there are some places where the copper will not be 

completely cleared. An over-polish step then has to be employed. During this step, 

dishing occurs since copper is polished faster than the Ta/TaN barrier layer. Figure 1.19 

schematically shows the dishing and erosion during copper and tungsten CMP. Dishing is 

defined as the loss in thickness of inlaid material below surrounding level. In the case of 

Figure 1.19, dishing refers to the loss in thickness of the metal wiring. In comparison, for 

the STI CMP, dishing occurs due to the fact that silica is polished faster than the Si3N4 

stop layer. As a result, dishing here refers to the loss in thickness of the silicon dioxide 

layer. 

 

 

Figure 1.19: Schematic of dishing and erosion 

(http://www.testwafer.com/metro_TotalMetalLoss.htm).  
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Erosion is defined as the loss in thickness of “supporting” material. Based on this 

definition, erosion refers to the loss in thickness of oxide and nitride during copper and 

STI CMP, respectively. The inlaid material is lower than the surrounding “supporting” 

material when dishing occurs, as shown in Figure 1.19. As a result, the real contact area 

between the wafer surface and pad decreases and hence the local contact pressure 

increases. As such, higher polishing pressure is exerted on “supporting” material, 

resulting in the loss in their thickness. 

Both dishing and erosion may cause significant yield losses and reduce 

interconnect performance. Some method have been proposed to reduce dishing and 

erosion such as dummy active regions, using linear polishers, and using rotating polishers 

with a harder pad (Wolf 2004). However, minimizing dishing and erosion is still a great 

challenge in CMP as down scaling continues.  

 

1.5.3 CoO and EHS Considerations of CMP  

The CMP process has high CoO and EHS concerns (Philipossian et al. 2003). It is 

one of the most expensive unit processes in IC manufacturing due to the high use of 

consumables, as outlined in Section 1.4. Figure 1.20 shows the major factors contributing 

to the total CoO of the CMP module. As can be seen from the figure, major factors 

include consumables, lab and equipment. Among them, consumables (i.e. pad and slurry) 

represent 67 percent of the total CoO. It should be noted that slurry itself accounts for as 

much as 45 percent of the total CoO. In current state-of-the-art technology, fresh slurry is 

injected onto the pad center by a single slurry tube. As the pad rotates during polishing, 
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most of the fresh slurry flows directly off the pad by centrifugal forces without even 

reaching the pad-wafer interface. Therefore, this method does not provide efficient slurry 

utilization as it ranges between 2 and 22 percent (Philipossian et al. 2003). Also, both 

chemicals and abrasive nanoparticles in the used slurry are harmful to the environment. 

Therefore, developing methods that lead to more efficient slurry utilization will not only 

reduce CoO, but also decrease the potential negative environmental effects. In chapter 8 

of this dissertation, the effect of slurry application/injection schemes on slurry availability 

is investigated. In chapter 9, the effect of retaining ring slot design and polishing 

conditions on slurry flow dynamic at the bow wave is investigated to underscore the 

importance of optimizing retaining ring slot design and polishing conditions for efficient 

slurry utilization. 

 

 

Figure 1.20: Major factors contributing to the total CoO of the CMP module (Holland et 

al. 2002). 
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1.6 Research Motivation and Goals 

The overall motivation of this dissertation is to study the fundamentals of the 

CMP process, and provide solutions to the challenges listed in Section 1.5. The results 

can be helpful not only to provide optimization schemes for practical CMP process but 

also to address the CoO and EHS problems. There are six separate studies. Each study 

has its own motivation and goal, together contributing to the overall motivation and goals 

of this dissertation. The motivation and goals of these studies are separately described 

below. 

 

 Effect of Pad Surface Micro-Texture on Copper CMP (Chapter 4): During 

polishing, the pad is one of the most important consumables. However, its 

impact on the CMP process performance such as material removal rate have 

not been fully examined and understood. In this study, two different diamond 

discs were used to condition a pad on which blanket copper wafers were 

polished. Pad surface contact area and topography were analyzed using laser 

confocal microscopy and SEM to illustrate how the pad surface micro-texture 

affects copper removal rate as well as the frictional force.  

 

 Effect of Large Pad Surface Contact Area on Copper CMP (Chapter 5): The 

pad-wafer contact strongly impacts material removal rate since the wafer 

experiences different local contact pressure with different contact area. 

However, the relationship between contact area and removal rate is very 
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complicated and previous studies only focused on the effect of the total 

contact area. Large contact areas are frequently observed in our measurements 

and often accounts for a large portion of the total contact area. It is therefore 

necessary to differentiate the large contact area from the small one and study 

its role in CMP. The goal of this chapter is to analyze the large contact area 

and its role in CMP. Surface topography and structure of a typical individual 

large contact area are examined via laser confocal microscopy and SEM. In 

addition, the Young’s modulus of the pad surface material is simulated. The 

role of large contact area in CMP is then evaluated. Furthermore, a case study 

is presented to illustrate its role in copper CMP.  

 

 Effect of Pad Surface Micro-Texture on ILD CMP (Chapter 6): In this chapter, 

the effect of pad surface micro-texture on removal rate in interlayer dielectric 

chemical mechanical planarization is investigated. Blanket 200 mm oxide 

wafers are polished on a Dow
®

 IC1000
TM

 K-groove pad conditioned at two 

different conditioning forces. The polishing results (the coefficient of friction 

and removal rate) and pad surface micro-texture analysis results are correlated. 

 

 Effect of Pad Surface Micro-Texture on STI CMP (Chapter 7): It is getting 

more and more critical to control the STI CMP process to minimize the 

dishing and erosion as the device dimension scaling down. The objective of 

this chapter is to investigate the pad surface micro-texture on dishing and 
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erosion during the STI CMP process. Blanket TEOS wafers and SKW3-2 

patterned STI wafers are polished. Dishing and erosion analysis is performed 

after patterned wafer polishing. Pad samples are taken and the pad surface 

abruptness and mean pad summit curvature (a novel pad surface micro-texture 

descriptor discussed later in this study) are analyzed using laser confocal 

microscope. The effect of pad surface abruptness and mean pad summit 

curvature on dishing and erosion is then discussed and illustrated. 

 

 Optimizing Slurry Availability during CMP (Chapter 8): Slurry accounts for as 

much as forty five percent of the total CoO in CMP and the slurry utilization 

is very low. As such, we believe that developing methods that lead to more 

efficient slurry utilization, will not only reduce CoO, but also decrease the 

potential environmental burden generated by the wasted slurry. The primary 

objective of this study is to develop an ultraviolet enhanced fluorescence 

technique (along with a comprehensive calibration methodology) and to use 

this technique to measure slurry film thickness at the retaining ring bow wave 

in an effort to quantify slurry availability. A second objective is to apply the 

new technique to determine how two different slurry application/injection 

schemes along with various polishing conditions such as sliding velocity, ring 

pressure and slurry flow rate affect slurry availability in the bow wave region 

of the polisher.  
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 Optimizing Retaining Ring Slot Designs during CMP (Chapter 9): Retaining 

rings have been widely used in the CMP process. While retaining rings are 

mainly used to secure the wafer during polishing, they also improve removal 

rate within-wafer-non-uniformity (WIWNU) and facilitate slurry transport 

into the pad-wafer interface through a plurality of slots on their contacting 

surface. In this chapter, an ultraviolet enhanced fluorescence technique is used 

to measure the slurry film thickness at bow wave for two retaining rings with 

different slot designs and determine whether various retaining ring slot 

designs and polishing conditions such as sliding velocity, ring pressure and 

slurry flow rate can affect slurry utilization, by controlling the amount of 

slurry that is transported to the bow wave area and then facilitating the slurry 

flow into the pad-wafer interface. 
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CHAPTER 2 

EXPERIMENTAL APPARATI 

 

In this dissertation, two major CMP systems and several analytical tools are used. 

The two major CMP systems are the Araca APD-500 and APD-800 polishers and 

tribometers. They are described in detail in Sections 2.1 and 2.2, respectively. Four of the 

analytical techniques are described in detail in Sections 2.3, 2.4 and 2.5. They are four-

point probe, reflectometer, ultraviolet enhanced fluorescence device (UVIZ-100) and 

laser scanning confocal microscope.  

 

2.1 The Araca APD-500 Polisher and Tribometer 

The Araca APD-500 is a single-platen polisher and tribometer designed for 100 

and 200 mm wafer CMP. It is capable of real-time measurement of shear force and down 

force (http://www.aracainc.com/products/apd-polishers). Force data are analyzed by 

integrated software programs to provide fundamental characterizations of the tribological 

attributes of CMP processes (APD-500 operations manual). Figure 2.1 shows the 

hardware components of the APD-500. Their functions are listed in Table 2.1 and will be 

described in more detail in subsequent sections. 

http://www.aracainc.com/products/apd-polishers
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Figure 2.1: The Araca APD-500 polisher and tribometer (APD-500 operations manual).  

 

Table 2.1: Hardware components and their functions (APD-500 operations manual). 

Part Part Name Function 

A Wafer carrier system See subsequent sections for more details 

B Pad conditioning system See subsequent sections for more details 

C Signal amplifier Reset and amplify force signal 

D Right panel See Figure 2.3 for more details 

E Control panel Control hardware operation 

F Front panel See Figure 2.2 for more details 

G Platen See subsequent sections for more details 

H Polisher base Support platen 

I Slurry/water tank and pump Store and pump slurry/water  
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2.1.1 Front Panel 

Figure 2.2 shows the front panel of the APD-500. Its components’ functions are 

summarized in Table 2.2. 

 

Figure 2.2: The front panel of the APD-500. 

Table 2.2: Parts and functions of the APD-500 front panel (APD-500 operations manual).  

Part Part Name Function 

A Secondary ON switch 
Turn on tool power after the primary “On Off” 

switch is turned on 

B Secondary OFF switch 
Turn off tool power before the primary “On Off” 

switch is turned off 

C Emergency stop button 
Stop polisher operations immediately in case of 

emergency 

D Manual/auto run switch Switch run mode between manual and auto 

E Auto run START button Start polishing sequence for auto run mode 

F Auto run STOP button 
Stop polishing sequence for auto run mode; reset 

tool after alarm deactivation 

G Tank agitator switch Mix slurry in the tank 

H Output data channels Output data to data acquisition board 
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2.1.2 Right Panel 

Figure 2.3 shows the right panel of the APD-500. Its components’ functions are 

listed in Table 2.3. 

 

 

Figure 2.3: The right panel of the APD -500. 

 

Table 2.3: Parts and functions of the APD-500 right panel (APD-500 operations manual). 

Part Part Name Function 

A Signal amplifier Reset and amplify force signal 

B Operation status light 
Indicate tool operation status with or without 

error 

C Control panel Control tool operation 

D Primary ON/OFF switch Turn on and off tool power 
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2.1.3 Wafer Carrier System 

The wafer carrier system typically has two main functions. First, it applies a 

certain amount of down force to the wafer against a polishing pad. Second, it helps rotate 

the wafer during wafer polishing. 

Figure 2.4 shows the wafer carrier system of the APD-500. It consists of the 

vacuum pressure lines, carrier head motor, hydraulic piston, pressure chamber and carrier 

head. The carrier head motor and hydraulic piston are installed for the rotation and 

vertical movement of the carrier head. There are two separate vacuum-pressure lines 

installed inside the wafer carrier system. One line is used to apply pressure to a ceramic 

template shown in Figure 2.5, which applies down force to the wafer during polishing. 

The other line is used to hold the wafer template (see Figure 2.6) (Sun 2009). 

Figure 2.6 shows the wafer template with a backing film designed for 200 mm 

wafer CMP. The backing film consists of a sheet of carrier film and a retaining ring. The 

carrier film is a porous material. Therefore, the wafer can be held in place through 

capillary forces generated by the wetted carrier film (Jiao et al. 2012). The retaining ring 

is used to secure the wafer by preventing it from slipping away during polishing. Figure 

2.6 (b) shows the backside of the wafer template. Its inner diameter is designed slightly 

larger than the diameter of the ceramic template (Sun 2009) so that the wafer template 

can be loaded and removed easily from the ceramic template. After attaching the wafer 

template to the ceramic template, the vacuum line is turned on to securely hold the wafer 

template. As stated previously, the APD-500 is designed to polish 100 and 200 mm 
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wafers. Users only need to change the backing film to match the wafer size, while the 

wafer template does not need to be changed.  

 

Figure 2.4: Wafer carrier system of the APD-500. 

 

 

Figure 2.5: Ceramic template of the carrier head. 



 

 

70 

     

                                  (a)                                                                     (b) 

Figure 2.6: (a) The polishing side and (b) back side of the wafer template with backing 

film for 200 mm wafer CMP.  

 

2.1.4 Pad Conditioning System 

During CMP, a pad conditioner is used to regenerate pad asperities and prevent 

removal rate decay by either in-situ or ex-situ schemes. Figure 2.7 shows the pad 

conditioning system of the APD-500. A pad conditioner motor is installed for the rotation 

of the pad conditioner. Besides rotation, the pad conditioner also sweeps on the pad 

radically during polishing through the trail. Users can set the rotation speed and sweep 

schedule via the control panel shown in Figure 2.3. The sweep schedule is divided into as 

many as 10 different zones. Users can input the length of each zone as well as the 

sweeping speed or the dwelling time in the defined zone. The conditioning down force 

equals the summation of the weight of the conditioner head, metal rod and additional 
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dead weight placed on top of the conditioner head. Users can obtain the required down 

force by properly adjusting the additional dead weight.    

 

 

Figure 2.7: The pad conditioning system of the APD-500. 

 

2.1.5 Polishing Platen System 

Figure 2.8 shows the polishing platen of the APD-500, which is 500 mm in 

diameter (APD-500 operations manual). The polishing platen provides two basic 

functions: it serves as a base for the polishing pad and rotates counter clockwise during 

wafer polishing.  

The platen is made of stainless steel, which is chosen to minimize corrosion from 

chemicals in the slurry. The platen is supported by the polisher base, which is set-up on 

top of four z-direction load cells (Sun 2009). The front two load cells are shown in Figure 
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2.8 and they are described in detail in Section 2.1.7. 

 

 

Figure 2.8: The polishing platen of the APD-500. 

 

2.1.6 Slurry/Water Distribution System 

The slurry/water distribution system mainly consists of tanks, peristaltic pumps 

and delivery nozzles. Three independent tanks, as shown in Figure 2.9, are used to store 

slurry or water. Each tank is equipped with an agitator to stir the slurry when needed. The 

slurry/water is pumped by the peristaltic pump and transported onto the pad surface by 

delivery nozzles shown in Figure 2.10. 
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Figure 2.9: Slurry/water tanks of the APD-500. 

 

 

Figure 2.10: Slurry/water delivery nozzles. 
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2.1.7 Load Cells 

APD-500 is equipped with shear force and down force load cells, which measure 

the actual force in real time and convert it into a voltage signal. The voltage signal is then 

transferred to an amplifier which amplifies the signal (Sun 2009). 

APD-500 has 4 down force load cells (i.e. one at each corner). Figure 2.8 shows 

the front two load cells and Figure 2.11 schematically shows the location of these four 

load cells. The actual down force is the summation of these four load cells. 

 

 

Figure 2.11: Location of the four load cells for down force measurement (Sampurno 

2008). 

 

In order to measure the shear force generated between the wafer and pad surface, 

two load cells (Fx and Fy) are installed (see Figure 2.12). It should be noted that the shear 

force in the X direction (i.e. Fx) is not significant during polishing. This is due to the 
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particular configuration of the APD-500, which maximizes the shear force in the Y 

direction (i.e. Fy) during polishing (Sun 2009). As an example, Figure 2.13 shows the 

forces measured during wafer polishing. The values of the Fx load cell fluctuate near 0 

lbf. Therefore, one can neglect Fx values and only use the shear force reported by the Fy 

load cell to represent the actual shear force. 

 

 

Figure 2.12: Load cells for shear force measurement. 

 

 

Figure 2.13: Example of shear force and down force measured by load cells. 
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2.1.8 Data Acquisition Program 

The data acquisition program is written in LabVIEW
®
. The data acquisition 

program includes two sub-programs: the conditioning down force program and the 

polishing measurement program. Figure 2.14 shows the interface of the conditioning 

down force program, which is used to eliminate the effect of the conditioning down force 

and other down forces generated by pad rotation and slurry flow. By subtracting these 

down forces, one can obtain the actual polishing down force applied on the wafer during 

in-situ CMP.  

 

 

Figure 2.14: Conditioning down force program. 

 

The polishing measurement program, as shown in Fig. 2.15, is used to acquire the 

polishing parameters in real-time during wafer polishing.  
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Figure 2.15: Polishing measurement program. 

 

The interface displays the collected data including (APD-500 operations manual): 

 Forces 

The graph shows Fx, Fy and Fz data as a function of time in blue, red and  

green, respectively. 

 Slurry flow rate 

The graph shows the flow rates of Tank #1, Tank #2 and Tank #3 in blue, red 

and green, respectively. 

 Velocity 

The graph shows the rotational velocity of the wafer, pad and conditioner in  

blue, red and green, respectively. 

 Conditioner position 
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The graph shows the conditioner position relative to the edge of the platen. 

 Conditioner oscillation 

The graph shows the conditioner sweep frequency. 

 

2.1.9 Waveform Analysis Program 

The waveform analysis program performs data analysis on forces, coefficient of 

friction (COF), flow rates, and kinematics of pad, wafer and conditioner (APD-500 

operations manual). The data analysis of forces and COF will be highlighted in the 

following section. 

 

 Figure 2.16: Waveform analysis program: Forces. 
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Figure 2.16 shows the data analysis of shear force and down force during 

polishing. Users can read the mean value and variance of these forces from the program. 

Figure 2.17 shows the data analysis of the COF during polishing. Similar to the data 

analysis of forces, users can read the average COF from the program. 

 

 

Figure 2.17: Waveform analysis program: COF. 

 

2.1.10 Tools Specifications 

Tool and major hardware specifications for the APD-500 polisher and tribometer 

are listed in Table 2.4. 
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Table 2.4: The APD-500 components specifications (APD-500 operations manual).  

APD-500 

Dimension 

L (1.10 m) 

W (0.66 m) 

H (1.80 m) 

Weight Approximately 1000 kg 

Power supply AC 200 V, 3 phases, 60 Hz, 10 kW 

Air supply 0.5 MPa, 550 l/min 

Platen 

Diameter 500 mm 

Material SUS410 

Rotation direction Counter-clockwise 

Rotation range 15 - 200 rpm 

Flatness Convex 10 μm 

Cooling water supply 0.3 MPa, 15 l/min 

Wafer Carrier 

Wafer diameter 200 mm (or smaller) 

Down force range 0.7 - 5.7 PSI 

Down force control Pneumatic, + 0.4% 

Rotation direction Counter-clockwise 

Rotation range 10 - 200 rpm 

Conditioner 

Carrier 

Conditioner diameter 108 mm 

Rotation direction Counter-clockwise 

Conditioner 

Carrier 

Rotation range 10 - 100 rpm 

Sweep distance 147 mm 

Sweep velocity 0 - 500 mm/sec 

Down force 3.3 - 13.2 lbf 

Conditioner 

Carrier 

Rotation range 10 - 100 rpm 

Sweep distance 147 mm 

Sweep velocity 0 - 500 mm/sec 

Down force 3.3 - 13.2 lbf 

Slurry/Water 

Delivery System 

Number of tanks and pumps 3 

Tank volume 20 liters 

Pump type Electromagnetic pump 

Flow rate range 10 - 300 ml/min 

Load Cell 

Number of load cells 6 

Maximum load 1 kN 

Temperature range -10 - 50 ºC / 14 - 122 ºF 
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2.2 The Araca APD-800 Polisher and Tribometer 

As an advanced version of the APD-500, the Araca APD-800 is a single-platen 

polisher and tribometer designed for 200 and 300 mm wafer CMP. It even can be used to 

polish 450 mm wafers by installing a simple interface module to the carrier head 

(http://www.aracainc.com/products/apd-polishers). 

Similar to the APD-500, the APD-800 is capable of real-time measurement of 

shear force and down force (http://www.aracainc.com/products/apd-polishers). Force data 

are then analyzed by integrated software programs to provide fundamental 

characterizations of the tribological attributes of the polishing process (APD-800 

operations manual). Figure 2.18 shows the main hardware components of the APD-800. 

Their functions are listed in Table 2.5 and will be described in detail in subsequent 

sections. 

http://www.aracainc.com/products/apd-polishers
http://www.aracainc.com/products/apd-polishers
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Figure 2.18: The Araca APD-800 polisher and tribometer (APD-800 operations manual).  

 

Table 2.5: APD-800 hardware components and their functions (APD-800 operations 

manual). 

Part Part Name Function 

A Wafer carrier system See subsequent sections for more details 

B Pad conditioning system See subsequent sections for more details 

C Front panel See Figure 2.21 for more details 

D Down force load cells Measure down force 

E Platen system See subsequent sections for more details 
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2.2.1 Control Panels and Switches 

APD-800 has several manual switches and control panels. Figure 2.19 shows the 

primary ON/OFF switch, which is located at the right side of the APD-800. Figure 2.20 

shows the manual switches on the front side of the APD-800. Their functions are listed in 

Table 2.6. 

 

 

Figure 2.19: The primary ON/OFF switch of the APD-800. 

 

 

Figure 2.20: Manual switches on the front of the APD-800. 
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Table 2.6: Parts of manual switches and their functions (APD-800 operations manual).  

  Part Name Function 

Carrier UP Lift wafer carrier 

Carrier Down Lower wafer carrier head 

Wafer VAC Attach wafer to the carrier head 

Wafer BLOW Release wafer from the carrier head 

 

Figure 2.21 shows the front panel of the APD-800. Its components’ functions are 

summarized in Table 2.7. 

 

 

Figure 2.21: The front panel of the APD-800. 
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Table 2.7: Parts and functions of the APD-800 front panel (APD-800 operations manual).  

Part Component Function 

A Control panel Control hardware operation 

B Secondary ON switch 
Turn on APD-800 after the primary “On Off” 

switch is turned on 

C Secondary OFF switch 
Turn off APD-800 before the primary “On Off” 

switch is turned off 

D Emergency stop switch 
Stop polisher operations immediately in case of 

emergency 

E Auto run STOP switch 
Stop polishing sequence for automatic run set-

up; reset tool after alarm deactivation 

F Auto run START switch 
Start polishing sequence for automatic run set- 

up 

G Manual/auto run switch Switch run mode between manual and auto  

H USB connector Connect APD-800 to the PC 

I 
Shear force conditioner and 

amplifier 

Reset and amplify shear force signal from load 

cell 

J Down force conditioner  
Reset and amplify down force signal from load 

cell  

 

2.2.2 Wafer Carrier System  

Figure 2.22 shows the wafer carrier system of the APD-800. It mainly consists of 

a carrier head motor, a stepper motor, a pressure chamber and a carrier head. The carrier 

head motor and stepper motor are installed for the rotation and vertical movement of the 

carrier head. Compared with the hydraulic piston used in the wafer carrier system of the 

APD-500, the stepper motor provides more accurate control of the carrier head in vertical 

direction (Wei 2010). Two separate vacuum pressure lines are installed inside the wafer 

carrier system, one for holding the wafer template and one for applying down force to the 

wafer. Their mechanisms are the same as that of the APD-500 described in Section 2.1.3. 



 

 

86 

 

Figure 2.22: Wafer carrier system of the APD-800. 

 

2.2.3 Pad Conditioning System 

Figure 2.23 shows the pad conditioning system of the APD-800. It mainly 

consists of a conditioner motor, a hydraulic piston, a pressure chamber (see Figure 2.24) 

and a conditioner set. The conditioner motor and hydraulic piston are installed for the 

rotation and vertical movement of the conditioner. A stepper motor is installed to allow 

the conditioner to sweep the pad radically during pad conditioning. Users can set the 

rotation speed and sweep schedule via the control panel shown in Figure 2.21. Similar to 

the APD-500, the sweep schedule is divided into as many as 10 different zones. Users 



 

 

87 

can input the length of each zone as well as the sweeping speed or the dwelling time in 

the defined zone. 

 

Figure 2.23: The pad conditioning system of the APD-800. 

 

Figure 2.24: Pressure chamber of the pad conditioning system. 
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Unlike the APD-500, instead of using dead weight, the APD-800 allows users to 

precisely set the conditioning down force through the control panel shown in Figure 2.21. 

This is due to the fact that a vacuum pressure line is installed inside the conditioning 

system to apply pressure on the conditioner by the pressure chamber shown in Figure 

2.24 (Wei 2010).  

            

2.2.4 Polishing Platen System 

Figure 2.25 shows the polishing platen of the APD-800. It is 800 mm in diameter 

and made of ceramic material to minimize corrosion from chemicals in slurry (APD-800 

operations manual). The platen is driven by the platen motor. Similar to the APD-500, 

four down force load cells are installed beneath the platen set. They will be described in 

Section 2.2.6.  

 

Figure 2.25: The polishing platen of the APD-800. 
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2.2.5 Slurry/Water Distribution and Temperature Measurement Systems 

The slurry/water distribution system is the same as that of the APD-500. Three 

independent tanks, as shown in Figure 2.26, are used to store slurry or water. Each tank is 

equipped with an agitator to mix slurry when needed. The slurry/water is pumped by 

peristaltic pumps and delivered onto the pad surface by delivery nozzles shown in Figure 

2.27. Figure 2.27 also shows an infrared detector, which is used to measure the pad 

surface temperature. 

 

Figure 2.26: Slurry/water tanks of the APD-800. 

 

Figure 2.27: Slurry/water delivery nozzles and infrared detector (APD-800 operations 

manual). 

Infrared Detector 

Delivery Nozzles 
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2.2.6 Load Cells 

The APD-800 is equipped with shear force and down force load cells as well. 

These load cells measure the actual force in real-time and convert it into a voltage signal. 

The voltage signal is then transferred to an amplifier and the output signal is ready for 

data acquisition (Sun 2009). 

The APD-800 also has four down force load cells (one at each corner). Figure 

2.25 shows the front two load cells. In this dissertation, the actual down force is reported 

as the summation of these four load cells. 

As discussed in Section 2.1.7, the shear force in the X direction is not significant 

during polishing due to the particular configuration of the APD-500. The APD-800 has 

the same configuration as the APD-500. Therefore, the APD-800 only installs the Y-

direction load cell, as shown in Figure 2.28.  

 

Figure 2.28: Load cell for shear force measurement. 
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2.2.7 Data Acquisition Program 

The data acquisition program is written in LabVIEW
®
 8.0. The data acquisition 

program includes two sub-programs: the conditioning down force program and the 

polishing measurement program. Figure 2.29 shows the interface of the conditioning 

down force program. The reason for measuring the conditioning down force before 

polishing is explained in Section 2.1.8.  

 

 

Figure 2.29: Conditioning down force program. 

 

The polishing measurement program is used to acquire the polishing parameters 

in real-time during wafer polishing. It has two sub-programs: the transient measurement 

program and the current measurement program. Figure 2.30 shows the transient 

measurement program, which displays the collected data in real-time. Similar to the 
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APD-500, it displays forces, flow rate, velocity, conditioner position and oscillation. In 

addition, the transient measurement program of the APD-800 can display pad surface 

temperature since the APD-800 is equipped with the infrared detector shown in Figure 

2.27 (APD-800 operations manual). 

 

 

Figure 2.30: Polishing measurement program: transient measurement. 

 

Figure 2.31 shows the current measurement program, which presents numeric 

bars to display instantaneous values of measured parameters during polishing (APD-800 

operations manual): 

 Temperature (ºC) 

 Shear force (lbf) 

 Down force (lbf) 
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 Flow rate (ml/min) 

 Pad velocity (RPM) 

 Wafer velocity (RPM) 

 Conditioner velocity (RPM) 

 Conditioner position (mm) 

 Conditioner oscillation (count/min) 

 Conditioner motor current (A) 

 Platen motor current (A) 

 Carrier motor current (A) 

 

 

Figure 2.31: Polishing measurement program: current measurement. 

 



 

 

94 

2.2.8 Waveform Analysis Program 

Similar to the APD-500, the waveform analysis program of the APD-800 

performs data analysis on forces, the coefficient of friction (COF), flow rates and 

kinematics of the pad, wafer and conditioner. In addition, the waveform analysis program 

of the APD-800 is able to perform temperature and motor current analysis.  

Figure 2.32 shows the data analysis of the COF during polishing. Users can obtain 

the mean value and variance of COF. Figure 2.33 shows the data analysis of the 

temperature during polishing. From this analysis, users can obtain the initial, mean and 

highest pad surface temperature, respectively. 

 

 

Figure 2.32: Waveform analysis program: COF. 
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Figure 2.33: Waveform analysis program: Temperature. 

 

2.2.9 Tools Specifications 

Tool and major hardware specifications for the APD-800 polisher and tribometer 

are listed in Table 2.8. 
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Table 2.8: The APD-800 components specifications (APD-800 operations manual).  

 

 
 

Dedicated high flow rate water rinse injector 
Flow rate up to 3,000 cc/min 

Pad Water Rinse 

Adjustable single-point pad surface IR detector Temperature Sensor 

Shear force (1 sensor) and down force (4 multiplexed sensors)  Force Sensors 

Three computer-controlled, 20-liter, chemical-resistant, 

removable tanks with impeller mixers, roller pumps and level 

sensors. Flow rate = 10 to 450 cc/min. 

Chemical Delivery   

Systems  

Scheme = ex-situ or in-situ 

Down force = 3.3 to 13.2 lb 

Sweep velocity = 0 to 500 mm/sec through 10 independently 
controlled zones 

Stroke length = 320 mm 

Rotation rate = 12 to 120 RPM  

Φ = 108 mm  

Conditioner  

Built-in heat exchanger (requires external coolant) 

Material = SUS410 

Rotation rate = 20 to 180 RPM  

Φ = 800 mm  

Platen  

Rotation rate = 15 to 200 RPM  

Pressure = 0.6 to 8.0 PSI (1.4 to 8.0 PSI for 200-mm) 

Down force control = Pneumatic                                                 

Wafer Carrier  

300-mm (or smaller) Wafer Size  

Fujikoshi Machinery Corporation and Araca Incorporated Manufacturers 

Flow rate = 15 liters per minute  

Maximum pressure = 43 PSI (300,000 Pa) 
Platen Coolant Water  

Flow rate = 550 liters per minute 

Minimum pressure = 72 PSI (500,000 Pa)  
CDA  

50  150  81 cm (three chemical delivery systems) 

80  38  190 cm (electrical cabinet) 

100  140  203 cm (polisher) 

W  L  H  

Notebook computer for process monitoring and data analysis 

Programmable touch-screen controller for polisher operation  Control, Monitoring 
and Analysis  

COF vs. pad temperature 

COF vs. Sommerfeld number  

Shear force and down force Fast Fourier Transform (FFT) Advanced Data 
Analysis and 

Correlation  

Average and variance for the entire (or a subset of the) polishing 
period for all parameters being captured 

Basic Data Analysis  

Pad surface temperature 

Coefficient of Friction (COF)  

Shear force and down force 

Tanks 1, 2 and 3 chemical flow rates 

Conditioner rotational velocity, position, oscillation speed and 
motor current 

Carrier rotational velocity 

Platen rotational velocity  

Data Capture vs. 
Time (capture 

frequency up to 
2,300 Hz; display 
frequency = 1 Hz)  
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2.3 Film Thickness Measurement 

In this dissertation, the film thickness is measured before and after polishing to 

determine the material removal rate and the removal rate within wafer non-uniformity. 

The copper film thickness is measured using a CMT-SR5000 sheet resistance/resistivity 

measurement system (four-point probe) manufactured by Advanced Instrument 

Technology (AIT). The ILD film thickness is measured using a SENTECH Film 

Thickness Probe (FTP) reflectometer.  

The basic mechanism of the four-point probe is described as follows. There are 

four probes contacting the top surface of the film. The four probes are placed in a line 

with equal spacing. Current (I) passes through the outer two probes and the voltage (U) 

between the inner two probes is measured. If the sample is semi-infinite with regard to 

the probe spacing, based on the Maxwell’s field equations, resistivity (r) is given by  

 

                                                          
 

 
                                           Eq. 2.1        

   

where t is the film thickness. If the resistivity of the film is known, together with the 

measured current and voltage, the film thickness t can be calculated from the above 

equation (Wolf 2004). Figure 2.34 shows the AIT CMT-SR5000 four-point probe. The 

wafer on the stage is a 300 mm blanket Cu wafer. Besides Cu, the film thickness of other 

conductive materials such as W, Ta and Ti also can be measured by this tool.  

The working principle of the reflectomter is as follows. After exposing the thin 

film (for example: SiO2 on Si) to a light beam with a certain wavelength, the light will be 
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reflected back from the thin film. By capturing the reflected light and comparing it with 

the theoretical models (obtained from previously measured references), the thickness of 

the film can be obtained (Sun 2009). The reflectometer used in this study is shown in 

Figure 2.35. The wafer on the stage is a 300 mm blanket oxide wafer.  

 

 

Figure 2.34: AIT CMT-SR5000 four-point probe. 

 

 

Figure 2.35: SENTECH FTP reflectometer. 
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2.4 Slurry Film Thickness Measurement (UVIZ-100) 

The ultraviolet-enhanced fluorescence technique (UVIZ-100 manufactured by 

Araca Inc.) is an optical measurement technique used to quickly quantify slurry film 

thickness at the retaining ring bow wave and elsewhere on the pad surface during CMP. 

The technique is developed to evaluate slurry flow at different polishing conditions 

(including sliding velocity, ring pressure and slurry flow rate), retaining-ring designs, and 

slurry injection schemes.  

 

2.4.1 Operation 

The technique is implemented through the following procedure: CMP slurry is 

mixed with a fluorescent dye. Ultraviolet (UV) light is projected onto the area of interest. 

After being excited by the UV light, the dyed slurry emits fluorescence and the emitted 

fluorescent light is then recorded by a high resolution camera. The average brightness of 

the captured images can be obtained through the image analysis program. The calibration 

curves are made to correlate the slurry film thickness and the brightness of the captured 

images. Therefore the relative film thickness in the area of interest can be evaluated 

based on the calibration curves.  

 

2.4.2 Hardware Components and Their Functions 

Figure 2.36 shows the hardware components of the UVIZ-100 system. Its 

components’ functions are listed in Table  .9.  
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Figure 2.36: UVIZ-100 system attached to APD-800. 

 

Table 2.9: Parts and their functions of the UVIZ-100. 

Part Part Name Function 

A Power cable for UV – LED Connect the UV – LED to power 

B Magnetic base for UV – LED Attach the UV – LED to a polisher 

C Flexible arms for UV – LED Adjust the UV – LED to desired position  

D UV – LED Project UV light to excite the dye in slurry 

E Camera Record the emitted fluorescent light  

F LAN cable 
Connect camera to a computer and collect the 

captured images  

G Power cable for camera Connect camera to power 

H Flexible arm with lever lock Adjust and lock the camera position 

I On/off magnetic base Lock and unlock the flexible arm  
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2.4.3 Software Operation 

The software designed for the UVIZ-100 is written in LabVIEW
®

 8.5. There are 

five sub-programs: the capture image program, the crop image program, the baseline 

program, the quantify brightness program and the image analysis program. The main 

menu that contains these five sub-programs is shown in Figure 2.37. With the update of 

the programs, only three of the five programs are needed for image acquisition, 

processing and analysis in this study. More details of these three programs are described 

in subsequent sections. 

 

 

Figure 2.37: Main menu of the UVIZ-100 software. 
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 Capture Image Program 

The capture image program is used to setup the camera, capture and save the 

images. The interface of the program is shown in Figure 2.38. Image 

acquisition parameters (i.e. camera type, image acquisition frequency, 

exposure time, gain factor, image saving time and file name) can be set in the 

program. There are two windows in the program: the displaying window and 

the saving window. The displaying window is used to observe the active 

image in camera’s focus, which is helpful for adjusting the location of the 

focus and brightness of the image. The saving window shows the image saved 

most recently.  

 

 

Figure 2.38: Capture image program of the UVIZ-100 software. 
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 Crop Image Program 

This program has two functions. First, crop the image to a desired shape and 

to a location of interest. Second, convert the cropped image from color to gray 

scale. In the gray scale image, two extreme brightness values are 0 (black) and 

255 (white). In between the two extremes, there are many different degrees of 

gray and a pixel in an image is assigned a brightness value between 0 and 255 

(http://en.wikipedia.org/wiki/Grayscale). The image converting step makes it 

possible for the analysis of the image brightness in the subsequent image 

analysis program. 

 

 Image Analysis Program 

The image analysis program shown in Figure 2.39 is used to analyze the data 

obtained from the crop image program. The image to be analyzed is selected 

by clicking the image file path. The brightness range of the pixel in the image 

is set between 0 (minimum) and 255 (maximum). The Average Histogram 

shows the total number of pixels at certain brightness. The Number of Pixels 

represents the total number of pixels of each frame in the folder. The Area 

Percentage is calculated by dividing the number of pixels which have the 

brightness higher than a certain value over the total number of pixels in each 

frame. The Average Brightness shows the average brightness of each frame in 

the folder.  

http://en.wikipedia.org/wiki/
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Figure 2.39: Image analysis program of the UVIZ-100 software. 

   

2.4.4 Calibration Procedure 

To correlate the average brightness of the image and the slurry film thickness, the 

calibration experiment is carried out. Figure 2.40 illustrates the calibration procedure: a 

flat Politex
®
 pad is placed at the bottom of a flat container, which is placed within the 

camera’s field of view. A pipette is used to transfer a certain volume of dyed slurry to the 

container for several times. Immediately after each transfer, images are taken of the 

slurry in the container and the images are processed and analyzed using the UVIZ-100 

software described above. As a result, the average brightness of images corresponding to 

a certain amount of slurry can be obtained. The slurry film thickness for a certain amount 

of slurry can be calculated by dividing the total slurry volume accumulated in the 
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container over the bottom area of the container. By plotting the slurry film thickness vs. 

mean brightness, the calibration curve is established (Liao et al. 2012). 

 

 

Figure 2.40: Calibration procedure of the UVIZ-100 system. 

 

2.5 Laser Scanning Confocal Microscope 

In this dissertation, pad surface contact area and pad surface topography are 

measured using a laser scanning confocal microscope manufactured by Zeiss. Figure 2.41 

shows the confocal microscope. 
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Figure 2.41: Zeiss LSM 510 META NLO Laser Confocal Microscope 

(http://www.weizmann.ac.il/vet/IC/content/zeiss-lsm-510-metanlo-axioskop-maitai-hp). 

 

2.5.1 Working Principle 

The principle of the laser scanning confocal microscopy is illustrated in Figure 

2.42. A point light (a laser excited by argon with 488 nm wavelength) source passes 

through a beam splitter, which is use to split a beam of incident light in two (i.e. 50% 

transmitted light and 50% reflected light) (http://en.wikipedia.org/wiki/Beam_splitter). 

The reflected light from the beam splitter focuses on a thin layer (either on the surface or 

within the sample) of a sample through an objective lens. After interacting with the 

sample, the reflected laser light as well as fluorescence emitted from the illuminated point 

of the sample is then re-collected by the objective lens and part of the reflected light 

transmits through the beam splitter. The transmitted light from the beam splitter focuses 

on the pinhole through another objective lens (http://en.wikipedia.org/wiki/Confocal_- 

http://www.zeiss.com.sg/4125684700380D3D/ContentsWWWIntern/2572924D4295953A48256EAD00295A8E
http://www.weizmann.ac.il/vet/IC/content/zeiss-lsm-510-metanlo-axioskop-maitai-hp
http://en.wikipedia.org/wiki/Beam_splitter
http://en.wikipedia.org/wiki/Confocal_-%20laser_scanning_
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laser_scanning_microscopy). The focus of the pinhole and the focus inside the sample are 

situated at optically conjugate points (confocal imaging). Therefore, only the light 

reflected by a narrow range of the sample in focus can pass through the narrow pinhole 

and reach the detector (i.e. a photomultiplier tube) and the unwanted light coming from 

out of the focus area of the samples is blocked by the pinhole screen. The smaller the 

pinhole, the less light from out-of-focus areas will reach the detector. After processed by 

the detector, the light signal is collected and assembled into an image by the computer 

connected to the detector. The image points are largely free of disturbing light from 

outside of the object focal plane and therefore have high resolution (http://www.weiz- 

mann.ac.il/vet/IC/system/files/zeiss_lsm_meta_microscope.pdf).  

A laser beam scans the sample point by point and line by line by moving the 

scanning mirrors across the sample in x and y directions. After finishing one object plane, 

the laser beam can scan any plane of interest by moving the sample stage (marked as z 

control in Figure 2.42) up or down in small steps (i.e. z direction setting).  By scanning 

successive object planes of a sample, a stack of slice images can be generated and then 

combined into a high resolution 3-dimension image (http://mcb.illinois.edu/microscopy/- 

manuals/LSM_510_Manual.pdf). 

During CMP, the wafer and pad contact at a very thin surface layer. Laser 

scanning confocal microscope is selected to measure the contact information due to its 

capability of obtaining high resolution images at a single focal plane (Sun et al. 2010).   

 

 

http://en.wikipedia.org/wiki/Confocal_-%20laser_scanning_
http://mcb.illinois.edu/microscopy/-%20manuals/LSM_510_Manual.pdf
http://mcb.illinois.edu/microscopy/-%20manuals/LSM_510_Manual.pdf
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Figure 2.42: Illustration of the light path of laser scanning microscope 

(http://www.calm.ed.ac.uk/CALM%20UoE-CLSM%20tutorial%2001.html; Carl Zeiss 

Microscopy, Jena).  

 

2.5.2 Customized Sample Holder 

To measure the pad-wafer contact area, a customized confocal pad sample holder 

was invented (Borucki 2011). Figures 2.43 and 2.44 show the photograph and the 

schematic of the sample holder, respectively. A sapphire window is selected to work as a 

“wafer” to simulate the pad-wafer as the sapphire material is transparent and has a similar 

http://www.calm.ed.ac.uk/CALM%20UoE-CLSM%20tutorial%2001.html


 

 

109 

index of refraction to the polyurethane (i.e. pad material) (Elmufdi et al. 2006). This will 

be explained in detail in the subsequent section. The pad sample to be analyzed is placed 

onto the miniature stage and is pressed against the sapphire window under a certain load. 

The load applied to the pad sample can be adjusted by pressing or releasing the spring 

inside the pressure controller, which is done through the rotation of the threaded screw 

located at the bottom of the sample holder. A ball bearing is implemented to transmit 

pressure uniformly to the pad sample (Borucki 2011). A load cell is installed and 

connected to a digital display through a cable to monitor the pressure applied on the pad 

sample. After loading the pad sample, the sample holder together with the sample is 

attached to the confocal microscope. The pad-wafer contact is observed through the 

transparent window and the contact image is then extracted. 

 

Figure 2.43: Confocal pad sample holder (Sun 2009). 

Sapphire 

Window

Pressure Controller

To Pressure 

Display

http://micro.magnet.fsu.edu/primer
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Figure 2.44: Schematic of the confocal pad sample holder assembly. 

 

2.5.3 Contact and Topographic Image Analysis 

Figure 2.45 (a) illustrates the light reflection and refraction phenomena at the 

sapphire window-pad interface. As mentioned above, the pad-wafer contact measurement 

is based on the fact that the sapphire and polyurethane have similar refractive indexes. As 

such, according to the Snell’s Law (Ditchburn 1963), the light incident on the contact 

region is not reflected back, producing a black area in the contact image. The light 

incident on the non-contact region is reflected back, generating an even grey area in the 

contact image. In the near-contact region, light reflects from the sapphire-air and air-pad 

interfaces, producing a black and white pattern in the resulting image due to interference 

(Sun et al. 2010). As an example, Figure 2.45(b) shows a contact image. In the figure, the 

black area, zebra area and gray area represent the contact area, near-contact area and non-

contact area, respectively. 
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(a)                                                                  (b) 

Figure 2.45: Illustration of light reflection and refraction at pad-wafer interface (Sun 

2010). 

 

Figure 2.46 shows an example of a pad-wafer contact image for an IC 1000 K-

groove pad at 4 PSI obtained from the laser confocal microscope. From the contact 

image, contact area percentage and contacting summit density can be extracted. Detailed 

data analysis procedure can be found elsewhere (Sun 2009; Sun et al. 2010). Contact area 

greatly impacts polishing performance and its role in CMP will be illustrated in Chapters 

4, 5 and 6 of this dissertation. 

After taking the contact images, pad surface topographic images are also taken in 

approximately the same location as the contact images without applying any load. Figure 

2.47 shows an example pad topographic image collected using the laser confocal 

microscopy. In the topographic image, different colors represent different pad surface 

height levels and the color bars are shown on the right side of the Figure 2.47. The blue 

color area refers to relatively lower levels of the pad corresponding to pores under the 

pad surface, while the red color area refers to relatively higher levels of the pad surface 

http://micro.magnet.fsu.edu/primer
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corresponding to pad asperities. Based on the high resolution topographic image, the pad 

surface height probability density function can be established, from which the pad surface 

abruptness can be extracted (Sun 2009). In addition, the mean summit curvature can be 

extracted from the topographic data. The detailed curvature analysis procedure can be 

found in Chapter 5 of this dissertation. Pad surface abruptness and mean summit 

curvature data are used for further study of the CMP mechanism at the pad-wafer contact 

region. They will be illustrated in detail in Chapters 4, 6 and 7.  

 

                   

Figure 2.46: Example pad-wafer contact image obtained from the laser confocal 

microscopy. 
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Figure 2.47: Example pad topographic image collected by the laser confocal microscopy. 
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CHAPTER 3 

GENERAL THEORY 

 

This chapter describes the general theories of tribology and material removal 

mechanisms in CMP.  

 

3.1 The Fundamentals of Tribology in CMP 

Tribology is the science and technology of studying friction, wear and lubrication 

between solid surfaces (Liang et al. 2005). During CMP, a certain amount of pressure is 

applied to the wafer to be polished against a rotating pad. The wafer surface reacts with 

chemicals in the slurry to form a soft layer, which is then removed through frictional 

forces generated by the interaction of wafer surface, slurry abrasives and pad asperities. 

Therefore, tribology attributions play a critical role in CMP and they will be described in 

subsequent sections. 

 

3.1.1 Friction in CMP 

Friction is the resistance between solid bodies which are in contact and have 

relative movement in tangential direction. The friction force is proportional to the down 

force. The proportionality constant is defined as the coefficient of friction (COF) (Liang 

et al. 2005).  

As shown in Figure 3.1, friction in CMP involves three components: wafer 

surface, slurry abrasives and pad asperities. Friction measurements in CMP have been 
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widely reported (Liang et al. 2005). In this dissertation, all of the polishing experiments 

are performed on the Araca APD-500 and the APD-800 polishers which are capable of 

measuring friction force (i.e. shear force) and down force in real-time. COF is then 

calculated by dividing the friction force over the down force. Detailed description of 

friction force and down force collection and COF analysis can be found in Chapter 2.  

 

 

Figure 3.1: Schematic of three-body contact in CMP (DeNardis 2006). 

 

The friction force and COF can be used to monitor or characterize CMP. For 

example, owing to the strict requirement of consistency, typically friction force and COF 

during test wafer polishing (i.e. pad seasoning) are monitored to insure that stable pad 

surface has been achieved prior to the monitor wafer polishing (Liao et al. 2011; Liao et 

al. 2013). In some cases, COF can be used as an indicator for monitoring material 

removal rate since a certain change in COF may result in a proportional change in 

removal rate (Philipossian et al. 2004; Lee et al. 2010). Also, COF could be employed to 

determine the useful life of the polishing pad as a function of key processing parameters 

(Philipossian et al. 2004). In addition, a combination of unique spectral fingerprinting, 
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COF and analysis of friction force variance could be used to monitor in real-time the 

polishing progress during Ta/TaN CMP for end-point detection (Sampurno et al. 2010). 

 

3.1.2 Lubrication Mechanism of the CMP Process 

In addition to friction, lubrication also plays an important role in CMP. Earlier 

studies on lubrication focused on two-body contact using a journal bearing-shaft system. 

The detailed description of the experimental setup and procedure can be found elsewhere 

(Li 2005; http://en.wikipedia.org/wiki/Tribology). A series of experiments were 

performed and the Stribeck curve was constructed by plotting COF against the Hersey 

number. The Hersey number for the journal bearing-shaft system is defined as (Hersey 

1966): 

 

                                                            
   

 
                                            Eq. 3.1 

 

where   is the relative shaft-bearing linear velocity,   is the viscosity of the lubricant and 

  is the applied pressure to the shaft.  

Figure 3.2 shows the Stribeck curve for the journal bearing-shaft system. The 

Stribeck curve can be used to characterize lubrication regimes. As shown in Figure 3.2, 

the curve is divided into three lubrication regimes: boundary lubrication (i.e. asperity 

contact), partial lubrication (i.e. mixed lubrication or partial contact) and hydrodynamic 

lubrication. Essentially, the lubrication regime describes the level of contact between two 

bodies (Moore et al. 1975). The boundary lubrication mode of contact occurs at lower 

http://en.wikipedia.org/wiki/Tribology
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values of the Hersey number. In this mode, the shaft and journal bearing are in intimate 

contact and COF changes only slightly with the Hersey number. The partial lubrication 

mode of contact occurs at intermediate values of the Hersey number. In this regime, the 

shaft and journal bearing are not in intimate contact and COF decreases dramatically with 

increasing of the Hersey number. The third mode of contact is the hydrodynamic 

lubrication, which occurs at larger values of the Hersey number. In this region, the shaft 

has completely separated from the journal bearing (Ludema 1996; Li 2005). 

 

 

Figure 3.2: Stribeck curve for a journal bearing-shaft system (Li 2005). 

 

Different from the two-body contact of the journal bearing-shaft system, CMP 

processes involve three contacting bodies (See Figure 3.1). To apply the Stribeck 

lubrication mechanism related to the journal bearing-shaft system to the CMP system, the 

Hersey number needs to be re-defined (Li 2005). A new dimensionless parameter, 
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Sommerfeld number (So), is defined by adding a characteristic length to the denominator 

of the Hersey number (Ludema 1996): 

 

                                                             
   

   
                                                             Eq. 3.2 

 

where   is the slurry viscosity,   is the relative pad-wafer linear velocity,   is the applied 

pressure on the wafer and   is the effective slurry thickness at the pad-wafer interface.   

can be measured experimentally for a specific slurry.   can be calculated based on 

rotation speeds of the pad and wafer, wafer size and polisher geometry.  

It is relatively harder to obtain the effective slurry film thickness. During CMP, 

film thickness at the interface between the wafer and pad is dependent on pad porosity, 

pad compressibility, velocity, pressure, slurry viscosity and wafer curvature (Coppeta et 

al. 1997; Thakurta et al. 2000; Runnels et al. 1994; Mullany et al. 2003; Levert 1997). 

Philipossian et al. proposed a method to calculate   via the following equation 

(Philipossian et al. 2003): 

 

                                           (   )                                      Eq. 3.3 

 

where                is the pad surface roughness, which can be measured using a surface 

profiler.          is the groove or perforation depth, which also can be measured 
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physically.   is a dimensionless parameter and used to scale the wafer pressure.   is 

expressed as (Philipossian et al. 2003): 

 

                                                      
               

      
                                                      Eq. 3.4 

 

where                 represents the land area of the pad surface,        represents the total 

area including the land area and the bottom area of the groove. For example, the value of 

  is 1, 0.83, 0.91 and 0.76 for flat, k-groove, perforated and xy-groove pad, respectively 

(Philipossian et al. 2003). 

By plotting the COF against Sommerfeld number, the Stribeck curve representing 

the CMP system is constructed. The Stribeck curve is beneficial in CMP applications 

since it indicates the extent of contact between the wafer surface, slurry abrasives and pad 

asperities (Philipossian et al. 2003). As shown in Figure 3.3, three lubrication regimes are 

characterized by the curve.  

The first contact mode is boundary lubrication. It occurs at lower values of the 

Sommerfeld number. In this mode, the slurry film thickness h is extremely thin (≤0.0 5 

µm) (Liang et al. 2005). The wafer surface, pad asperities and slurry abrasives are in 

intimate contact (Philipossian et al. 2003). As such, higher COF values are expected. In 

addition, COF almost remains constant when the Sommerfeld number changes. 

The partial lubrication mode of contact occurs at intermediate values of the 

Sommerfeld number. In this regime, the slurry film thickness ranges between 0.025 and 
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2.5 µm (Liang et al. 2005), which is similar to that of the pad roughness. Therefore, the 

slurry film layer partially separates the wafer and pad. The wafer and pad are not in 

intimate contact (Philipossian et al. 2003). In addition, as shown in Figure 3.3, COF 

decreases dramatically with the increase in the Sommerfeld number. 

 

 

Figure 3.3: Generic Stribeck curve based on Sommerfeld number (Philipossian et al. 

2003). 

 

The third mode of contact is hydrodynamic lubrication, which occurs at larger 

values of the Sommerfeld number. In this region, the slurry film thickness is typically 

greater than 0.25 µm, which is much larger than the pad roughness (Liang et al. 2005). 
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Therefore, very little contact exists between the wafer and pad, and smaller values of 

COF are common (Philipossian et al. 2003).  

Previous studies have experimentally shown that practical CMP processes run in 

the boundary or partial lubrication modes, but never hydrodynamic lubrication (Levert et 

al. 1998; Liang et al. 2002; Scarfo et al. 2005). In addition, from a high-volume 

manufacturing and process control point-of-view, the boundary lubrication is preferable 

due to its high and stable COF. In comparison, the partial lubrication is not a preferable 

mode. There may be some issues associated with operating a CMP polisher since COF 

may change dramatically as the change of the process parameters (i.e. pressure, velocity 

and so forth). 

 

3.2 CMP Removal Mechanism 

The material removal mechanisms of CMP are very complex. They depend on 

film materials, properties of consumables and process parameters (Wolf 2004). The 

removal mechanisms of oxide and metal CMP are briefly summarized here.   

Cook and Tomozawa proposed the likely mechanism of oxide CMP described as 

follows (Cook 1990; Tomozawa 1997): 

1. Water diffuses into the oxide film 

2. Oxygen and silicon bonds break to form hydroxyl-terminated silicon 

3. Compressive forces and tensile loading produce a net dissolution of silica 

probably in the form of Si(OH)4 

4. Dissolved silica exits the system by slurry 
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5. Repetition of the above four steps. 

The mechanisms involved in metal CMP are much more complex. In general, an 

oxide of the metal is chemically-formed on the metal film surface, which is then removed 

mechanically by abrasives in the slurry and pad asperities (Wolf 2004). For example, 

Hernandez et al. performed surface chemistry studies on copper CMP. Blanket copper 

samples were polished with alumina-based slurry which contained hydrogen peroxide as 

the oxidizer. Surface analysis showed the presence of CuO and Cu(OH)2 on the metal 

surface. The authors of the study concluded that the removal of copper during CMP was 

determined by the oxidation rate of the copper metal and by the solubility of a cupric film 

(Hernandez et al. 2001). Wijekoon et al. described the material removal and planarization 

of tungsten. Similar to the copper removal process, WO3 is first formed on the tungsten 

film surface and then removed mechanically (Wijekoon et al. 1998).   

 

3.2.1 Various Removal Rate Models in CMP 

Material removal rate impacts throughput and therefore plays a critical role in 

process performance evaluation (Sun 2009). Many studies on the material removal rate 

have been performed and various models have been proposed. 

Dating back to 1927, based on the glass polishing process, Preston developed an 

empirical removal rate model called Preston’s equation. Preston’s equation, shown in Eq. 

3.5, states that the removal rate is proportional to the product of the polishing pressure, p, 

and relative pad-wafer velocity, V (Preston 1927): 
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                                             VpkRR                                                                   Eq. 3.5 

where RR is the removal rate, k is Preston’s constant, p is the polishing pressure and V is 

the relative pad-wafer velocity.  

Prestonian behavior is commonly found in many cases, but non-prestonian 

behavior is also widely observed during CMP. To describe non-prestonian behavior, 

many modifications of Preston’s equation were proposed. For example, Zhang et al. 

proposed a removal rate model shown in Eq. 3.6. In this model, besides the externally 

applied force from the wafer, the van der Waals force between the wafer surface and 

slurry particles was also considered for material removal (Zhang et al. 1998). 

 

                                           2
1

)( pVkRR                                                               Eq. 3.6  

 

Tseng et al. developed another removal rate model, as shown in Eq. 3.7. In this 

model, they assumed that abrasive particles in slurry were first indented into the wafer 

surface to cause plastic deformation and that residues from the indentation were then 

carried away by the flowing slurry to complete a removal cycle (Tseng et al. 1997).  

 

                              2
1

6
5

VpkRR                                                               Eq. 3.7 

 

As stated previously, material removal is achieved through combined chemical 

and mechanical means. Although the above models have, to some extent, described non-
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prestonian behavior successfully, none of them capture the chemical attributes of CMP 

process (Sorooshian et al. 2005). To date, there are some other removal rate models that 

have combined chemical and mechanical attributes.  For example, Borst et al. proposed a 

two-step mechanism for surface removal rate (Borst et al. 2002). Luo et al. proposed a 

comprehensive removal rate model (Luo et al 2003). This model consists of three parts: 

the mechanical model, the chemical model and the mechanical-chemical interaction 

model.  

 

3.2.2 Langmuir-Hinselwood Removal Rate Model  

Borucki et al. proposed a two-step modified Langmuir-Hinselwood model 

(Borucki et al. 2004; Sorooshian et al. 2005; Li 2008). This model associated with a flash 

heating thermal model agrees well with the experimental results during ILD and metal 

CMP (Sorooshian et al. 2005; Jiao et al. 2011; Jiao et al. 2012). The model is summa- 

rized as follows (Source: Borucki et al. 2004; Sorooshian et al. 2005; Li 2008).  

In this model, it is assumed that n moles of reactant R in the slurry react with 

surface film (S) at rate constant k1 to form a product layer L,  

 

                                    LnRS
k
 1

                                                         Eq. 3.8 

 

This product layer is then removed by mechanical abrasion with rate constant k2, 
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                                                       Eq. 3.9 

The abraded material L is assumed to be carried away by the flowing slurry and 

not re-deposited on the wafer surface. In addition, assuming the chemical rate is equal to 

the mechanical rate, the local removal rate in this sequential mechanism can be then 

expressed as:   
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                                                        Eq. 3.10                                                                                     

 

where,    is the molecular weight, ρ is density and C is the local molar concentration of 

the reactant. It is assumed that there is no or little reactant depletion so that C remains 

constant. This allows C to be set to unity and absorbed into k1 (Li 2008). Equation 3.10 

can be then expressed as:   
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                                                         Eq. 3.11   

 

The chemical rate k1 is taken as an Arrhenius form: 

 

                                           )/exp(.1 kTEAk a                                                 Eq. 3.12  

                                 

where A is an exponential factor, Ea is the slurry activation energy, k is a constant 

LL
k
 2
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(8.62×10
-5

 eV/K) and T is the wafer surface reaction temperature.  

The mechanical rate k2 is thought to be proportional to the frictional power 

density as suggested in Preston’s equation (Meled  011): 

 

                                              pVck kp2                                                            Eq. 3.13                                                                                        

 

where µk is the COF and cp is an empirical proportionality constant.  

In order to calculate the wafer surface reaction temperature, Borucki et al. 

proposed a flash heating thermal model (Borucki et al. 2005; Li 2008), which will be 

discussed in the following section. 

 

3.2.3 Flash Heating Thermal Model  

The flash heating thermal model is used to calculate the wafer surface reaction 

temperature. The model is summarized below (Source: Borucki et al. 2005; Li 2008).  

CMP pads have rough surfaces due to the uneven height distribution of pad 

asperities. A pad surface height probability density function (PDF) can be constructed 

using interferometer or confocal microscopy. As an example, Figure 3.4 shows a pad 

surface height probability density function extracted from laser confocal microscopy. As 

shown in Figure 3.4, heights which are negative correspond to the relatively lower part of 

the pad surface. In comparison, heights which are positive correspond to the higher part 

of the pad surface, where the contacting asperities come from (Sampurno et al. 2011). 

Viewed on a log plot, the right hand tail of the PDF is often found to decay exponentially 
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and can be characterized by a decay length λ. λ (referred to as pad surface abruptness) is 

a characteristic distance over which the tail drops by a factor of e (Li 2008).  

 

Figure 3.4: An example of pad surface height probability density function. 

 

Due to pad surface roughness, the real contact area fraction between the wafer 

surface and pad asperities is typically less than 0.1 percent, resulting in very high local 

contact pressure (Sun et al. 2010). As a result, when asperities pass over a point on the 

wafer surface (called flash event), the temperature at the contact point may rise rapidly. 

This rapid temperature rise is called flash heating (Li 2008). If the mean flash 

temperature increment is sufficiently large, the wafer surface reaction rate that occurs 

during and shortly after each flash event can dominate the mean rate between events 

(Borucki et al. 2005).  
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The wafer surface reaction temperature (T) can be expressed as the summation of 

the mean leading edge pad surface temperature Tp and the mean flash temperature 

increment: 

 

                                               
pV

V
TT kep 





2/1

                                               Eq. 3.14                                                                                 

 

where e is an exponential factor and  is defined as (Sorooshian et al. 2005): 
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                   Eq. 3.15  

                                                                                       

where  is a tool parameter; l

p  is a constant; pC is the product of the pad thermal 

conductivity, density and heat capacity; E is pad modulus; v is the void fraction of the 

polishing pad; s is the summit area density and s  is the mean summit tip curvature. 

The two-step modified Langmuir-Hinselwood model associated with the flash 

heating thermal model is summarized from Eq. 3.11 to Eq. 3.14. During model 

simulation, parameters A, Cp,  and e are optimized to minimize the square of the error 

associated with the experimental and predicted values of the removal rates (Jiao et al. 

2011). 



 

 

129 

CHAPTER 4 

EFFECT OF PAD SURFACE MICRO-TEXTURE ON COPPER CMP
*
  

 

In this chapter, the effect of pad micro-texture on COF and removal rate during 

copper CMP was investigated. Blanket 200-mm copper wafers were polished on an 

IC1010 M-groove pad with Suba IV sub-pad, which was conditioned by two different 

diamond discs (3M A2810 disc and Mitsubishi Materials Corporation (MMC) 100-grit 

TRD disc) under the conditioning force of 26.7 N. The pad surface contact area and 

topography were analyzed using a laser confocal microscopy and SEM. The MMC TRD 

disc generated a lot of large flat near contact areas that corresponded to fractured and 

collapsed pore walls. The fractured and collapsed pore walls partly covered the adjacent 

pores, making the pad surface more lubricated during polishing and rendering a 

significantly lower COF and removal rate than the 3M A2810 disc.  

 

4.1 Introduction 

During CMP, as the pad directly contacts the wafer surface under an applied 

pressure to mechanically remove the chemically modified wafer surface layer, it has 

significant impacts on the material removal rate, planarization efficiency and defects. 

Recently, laser confocal microcopy has been used to measure pad surface contact area 

and topography to gain insight into the mechanical interaction between the pad asperities 

and wafer surface (Elmufdi et al. 2006; Elmufdi et al. 2007; Sun et al. 2010). For 

example, Sun et al. used laser confocal microscopy to measure pad-wafer contact area as 

*
 X. Liao, Y. Zhuang, L. Borucki, S. Theng, X. Wei, T. Ashizawa, and A. Philipossian, Electrochem. Solid-

State Lett., 14, H201-H204 (2011). Reproduced by permission of The Electrochemical Society 
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well as pad surface topography and investigated the relation between contact area and 

contact summit density under different pressures (Sun et al. 2010). While pad surface 

contact area and topography have been successfully characterized in the above studies, 

their impacts on the CMP process performance such as material removal rate have not 

been fully examined and understood. In this chapter, two different diamond discs were 

used to condition an IC1010 M-groove pad, on which 200-mm blanket copper wafers 

were polished. Pad surface contact area and topography were analyzed using a laser 

confocal microscopy and SEM to illustrate how the pad surface micro-texture affects 

copper removal rate, as well as the frictional force generated by the interaction of the pad 

asperities, slurry abrasives and wafer surface during polishing.  

 

4.2 Experimental Setup and Conditions 

200-mm blanket copper wafers were polished on a 20-inch IC1010 M-groove pad 

with Suba IV sub-pad using an Araca APD-500 polisher. The polisher was capable of 

measuring frictional force generated by interaction of the pad asperities, slurry abrasives, 

and wafer surface in real-time during wafer polishing. Detailed description of the polisher 

and tribometer can be found in Chapter 2. Hitachi Chemical HS 2H635-12 slurry was 

used and the slurry flow rate was 150 ml/min. Two diamond disc conditioners, 3M 

A2810 disc and Mitsubishi Materials Corporation (MMC) 100-grit disc with triple ring 

dot (TRD) design as shown in Figure 4.1, were used to condition the pad under the 

conditioning force of 26.7 N (6 lb) during wafer polishing. The conditioners rotated at 95 

rpm and swept 10 times per minute across the pad during pad conditioning. For each 
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conditioner, eight new blanket monitor copper wafers were polished for one minute at 

10.3 KPa (1.5 PSI) and 1.2 m/s to confirm the experimental reproducibility. A pad 

sample was taken after blanket wafer polishing for each conditioner. Pad surface contact 

area and topography were analyzed on an area of 3.6 x 0.45 mm
2
 using a Zeiss LSM 510 

Meta NLO laser confocal microscope. Detailed description of pad surface contact area 

and topography measurement procedure can be found elsewhere (Sun et al. 2010). SEM 

analysis was also performed on the pad samples to provide pad surface images. It should 

be noted that for each conditioner, the pad was conditioned by deionized water for an 

hour and blanket copper test wafers were polished for 10 minutes to ensure stable pad 

surface had been achieved before eight new blanket copper monitor wafers were 

polished. A CMT-SR5000 Sheet Resistance/Resistivity Measurement System (4-point 

probe) was used to measure the copper film thickness before and after wafer polishing to 

calculate the average copper removal rate. 
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      (a)  

 

 

      (b)  

Figure 4.1: Images of (a) 3M A2810 disc and (b) MMC TRD disc.  
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4.3 Results and Discussion 

4.3.1 Polishing Results 

In this study, 1000 frictional force data and 1000 polishing down force data are 

collected every second during blanket copper monitor wafer polishing. COF is calculated 

by dividing the measured frictional force over the measured polishing down force. Figure 

4.2 shows the COF measured for the 3M A2810 disc and MMC TRD disc. The error bar 

represents the range of COF measured for the eight blanket copper monitor wafers. The 

results indicate that the average COF of the 3M A2810 disc (0.59) is significantly higher 

than that of the MMC TRD disc (0.51).   

 

 

Figure 4.2: COF for 3M A2810 disc and MMC TRD disc. 

 

Figure 4.3 shows the measured copper removal rate for the 3M A2810 disc and 

MMC TRD disc. The error bar represents the range of removal rate measured for the 

eight blanket copper monitor wafers. The average removal rate for the 3M A2810 disc 
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(3,415 A/min) is significantly higher than that of the MMC TRD disc (2,457 A/min). The 

removal rate trend between the two discs is consistent with the COF trend shown in 

Figure 4.2.   

 

 

Figure 4.3: Copper removal rate for 3M A2810 disc and MMC TRD disc. 

 

4.3.2 Pad Surface Micro-Texture Analysis 

Figures 4.4 and 4.5 show an example of pad surface contact area image for the 

3M A2810 disc and MMC TRD disc, respectively. The 3M A2810 disc generates small 

solid pad contact areas (indicated by the black areas) on the pad surface. An example of 

the contact area is enlarged and circled by a red contour line as shown on the right side of 

Figure 4.4. In comparison, the MMC TRD disc generates a lot of large near contact areas 

(indicated by the areas with zebra pattern). An example of the large near contact area is 

enlarged and circled by a red contour line as shown on the right side of Figure 4.5. For 

each diamond disc, pad surface contact area percentage is calculated by dividing the 
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measured contact area under the pressure of 10.3 KPa over the total analyzed area (3.6 x 

0.45 mm
2
). The pad surface contact area percentage for the 3M A2810 disc (0.0036%) is 

significantly higher than that for the MMC TRD disc (0.0012%).  

  

Figure 4.4: Pad surface contact area image for pad sample conditioned by 3M A2810 disc 

(left) and details of the contact area (right). 

 

 

Figure 4.5: Pad surface contact area image for pad sample conditioned by MMC TRD 

disc (left) and details of the near contact area (right). 

100 μm 100 μm 

20 μm 

100 μm 

20 μm 
20 μm 



 

 

136 

Figures 4.6 and 4.7 show an example of pad surface topography image for the 3M 

A2810 disc and MMC TRD disc, respectively. The pad surface topography image is 

taken on the same pad surface area as shown in Figures 4.4 and 4.5 without any load 

applied on the pad surface. The corresponding contact area and near contact area are 

enlarged and circled by a red contour line as shown on the right side of Figures 4.6 and 

4.7. The circled contact area and near contact area are located relatively higher on the pad 

surface. Based on the high resolution pad surface topography images, pad surface height 

probability density function is established for each diamond disc as shown in Figure 4.8. 

The results indicate that the pad surface height probability density function of the 3M 

A2810 disc is very similar to that of the MMC TRD disc. Pad surface abruptness () is 

extracted from the pad surface height probability density function (Sun et al. 2010). The 

pad surface abruptness generated by the 3M A2810 disc (3.84 m) is very close to that of 

the MMC TRD disc (3.64 m). 

 

 

Figure 4.6: Pad surface topography image for pad sample conditioned by 3M A2810 disc. 

100 μm 20 μm 
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Figure 4.7: Pad surface topography image for pad sample conditioned by MMC TRD disc. 

 

 

Figure 4.8: Comparison of pad surface height probability density function of 3M A2810 

disc and MMC TRD disc. 
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Figures 4.9 and 4.10 show the SEM image of the pad sample conditioned by the 

3M A2810 disc and MMC TRD disc, respectively. The SEM images include the pad 

surface area analyzed in Figures 4.4 – 4.7. Areas that correspond to the enlarged contact 

area and near contact area shown in Figures 4.4 and 4.5 are also circled by red contour 

lines in the bottom part of Figures 4.9 and 4.10. Combining Figures 4.5 and 4.10, the 

results show that the MMC TRD disc generates large flat near contact areas that 

correspond to pore walls that have been fractured and collapsed (circled by green dashed 

contour lines in the top part of Figure 4.10). In comparison, the 3M A2810 disc generates 

clear pore structures on the pad surface as shown in Figure 4.9. Loosely attached to the 

pad surface, the fractured and collapsed pore walls generated by the MMC TRD disc 

partly cover the adjacent pores. They tend to float and barely touch the wafer surface 

during polishing, making the pad surface more lubricated and rendering a significantly 

lower COF and removal rate than the 3M A2810 disc. 
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Figure 4.9: SEM image for pad sample conditioned by 3M A2810 disc (top) and enlarged 

details (bottom). 
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Figure 4.10: SEM image for pad sample conditioned by MMC TRD disc (top) and 

enlarged details (bottom). 
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4.4 Conclusions 

In this chapter, the effect of pad micro-texture on COF and removal rate during 

copper CMP process was investigated. Two different diamond discs (3M A2810 disc and 

MMC TRD disc) were used to condition an IC1010 M-groove pad with Suba IV sub-pad, 

on which 200-mm blanket copper wafers were polished. The 3M A2810 disc generated 

significantly higher COF and removal rate than the MMC TRD disc. Pad samples were 

taken after wafer polishing and pad surface contact area and topography were analyzed 

using laser confocal microscopy and SEM. The results showed that the 3M A2810 disc 

and MMC TRD disc generated similar pad surface height probability density function 

and pad surface abruptness. On the other hand, the MMC TRD disc generated large flat 

near contact areas that corresponded to fractured and collapsed pore walls while the 3M 

A2810 disc generated solid contact area and clear pore structures. The fractured and 

collapsed pore walls generated by the MMC TRD disc partly covered the adjacent pores, 

making the pad surface more lubricated during wafer polishing and resulting in a 

significantly lower COF and removal rate.   
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CHAPTER 5 

ANALYSIS OF LARGE PAD SURFACE CONTACT AREA IN COPPER CMP
*
  

 

In this chapter, large pad surface contact area and its role in copper CMP were 

investigated. SEM analysis showed that individual large pad contact areas were induced 

by fractured pore walls and loosely attached pad debris. Simulation results indicated that 

individual large contact areas corresponded to very low values of Young’s modulus (i.e. 

about 64 MPa), indicating that the pad was soft and the summit underlying an individual 

large contact was not fully supported. As a result, individual large contact area implied 

low contact pressure and thus presumed to contribute little to removal rate. A case study 

was presented to illustrate the role of individual large contact areas of a Dow
®
 IC1000

TM
 

K-groove pad in copper CMP. Results confirmed that individual large contact areas had 

minimal contribution to removal and indicated that removal rate was mainly caused by 

small contact areas. The case study showed that, for IC-1000 K-groove pad, individual 

large contact areas corresponded to those larger than 9 square microns. We believe that 

this contact area classification methodology can be also applied for other kinds of pad, 

although the threshold values that may define “small” and “large” individual contact 

areas for different pads and processes need to be further investigated.  

 

5.1 Introduction 

During CMP, pad asperities make contact with the wafer surface where material 

removal occurs. The pad-wafer contact strongly impacts material removal rate since 

*
 X. Liao, Y. Zhuang, L. Borucki, Y. Sampurno, and A. Philipossian, submitted to IEEE Trans. Semicond. 

Manuf., Manuscript Number TSM-14-0018 (2014). 
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wafer experiences different local contact pressure with different contact areas. As such, 

analyzing pad surface contact area and its effect on removal rate is critical for 

understanding CMP fundamentals.  

To date, there have been several studies on the effect of contact area on material 

removal rate during CMP. For example, Mejia et al. studied the effect of pad-wafer 

contact on tetraethyloxysilane (TEOS) based silicon dioxide film removal rate by 

immersing a polishing pad in water (Mejia et al. 2003). It was found that the increase in 

pad-wafer contact area as a function of pad immersion time resulted in a reduction of the 

local pressure on the wafer surface, and thus a reduction in the material removal rate. 

Jeong et al. studied the contact mechanics between pad and wafer and showed that the 

increase in contact area with polishing time also caused a decrease in contact pressure 

and therefore a decrease in material removal rate (Jeong et al. 2012). Sun et al. 

investigated the effect of conditioner aggressiveness on removal rate during interlayer 

dielectric CMP. It was found that pad surfaces with less contact area, induced by the 

more aggressive disc, generated a higher removal rate (Sun et al. 2010). Liao et al. 

investigated the effect of pad surface micro-texture on removal rate during ILD CMP. 

Results showed that pad surface contact area decreased dramatically with the increase of 

conditioning force, leading to a sharp increase in the local contact pressure and resulting 

in a significantly higher removal rate (Liao et al. 2013). In summary, the above studies 

showed that a higher contact area led to a lower removal rate, and a lower contact area 

led to a higher removal rate.  
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Opposite trends were also reported as Park and Jeong investigated the effect of 

pad surface topography distribution on ILD removal rate. In their work, they found that a 

lower pad contact area induced lower removal (Park and Jeong 2008).  

Such contradictory results, all of which focused only on the effect of the “total” 

contact area, seem to indicate the presence of a more complex relationship between 

contact area and removal rate than previously envisaged. It is important to note that 

contact areas are very different in size and their characteristics. The “total” contact area 

consists of many individual contacting summits with wide ranges in size. As for the 

“large” contact area, it is frequently observed in our measurements and that it often 

accounts for a significant portion of the “total” contact area. These “large” contact areas 

may have a different contribution to removal rate compared with the relatively “small” 

ones. It is therefore necessary to differentiate the “large” contact areas from the “small” 

ones and study their role in CMP. 

The objective of this study is to analyze the individual large contact area and its 

role in CMP. Surface topography and structure of a typical individual large contact area 

are examined via laser confocal microscopy and SEM. In addition, the Young’s modulus 

of the pad surface material including the individual large contact area is simulated. The 

role of the individual large contact area in CMP is then evaluated. Furthermore, a case 

study is presented to illustrate its role in copper CMP. 
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5.2 Analysis of Large Contact Area 

In this study, the pad surface contact area and pad surface topography are 

measured using laser confocal microscopy. A detailed description of the measurement 

procedure can be found elsewhere (Sun et al. 2010). The contact area images were taken 

on the land area of the pad under a certain pressure. After taking the contact images, pad 

surface topographic images were also taken in approximately the same location as the 

contact images without applying any load. 

Figure 5.1 is an example of a contact area image for a Dow
®
 IC1000

TM
 K-groove 

pad taken at 1.5 psi. The image is  50× 50 μm
2
 in size. In this image, black areas, “zebra 

pattern regions” and gray areas represent contact area, near-contact area and non-contact 

area, respectively. As seen from Figure 5.1, most of the individual contact areas are very 

small and visible as fine black dots indicated inside the drawn white circle. In 

comparison, there exist some relatively large contact areas as indicated in the drawn 

white rectangle with sizes as high as 15  μm
2
! This type of contact area is referred to as 

individual “large” contact area in this study. 
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Figure 5.1:  An example of a pad surface contact area image. 

 

Figure 5.2 shows the topographic image taken on the same region of the pad 

surface shown in Figure 5.1 using laser confocal microscopy without any applied 

pressure. The topographic image is also  50× 50 μm
2
 in size. Different colors represent 

different pad surface height levels as shown to the right of Figure 5.2. Blue regions refer 

to relatively lower levels of the pad corresponding to pores under the pad surface, while 

red regions refer to relatively higher levels which represent pad asperities. In Figure 5.2, 

the region of the pad containing large contact areas shown in Figure 5.1 is highlighted in 

a drawn black rectangle. It is found that all of the large contact areas occur at relatively 

higher levels of the pad surface. To observe the pad surface morphology more clearly, an 

SEM image is taken using a Hitachi S-2460N scanning electron microscope. The image 

is shown in Figure 5.3. The pad area that corresponds to the example individual large 

 

100 μm 
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contact area analyzed in Figures 5.1 and 5.2 is highlighted and enlarged. As shown in the 

SEM image, in the non-contact area, there are relatively clear pore structures. Two 

examples of pores are circled by dashed contour lines. In comparison, it seems that the 

individual large contact area region corresponds to collapsed pore walls and loosely 

attached pad debris (contoured by solid lines), which partially cover the adjacent pores. 

This suggests that the large contact area may not be fully supported. 

 

  

Figure 5.2:  Topographic image corresponding to contact area image in Figure 5.1. 

 

100 μm 
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Figure 5.3: SEM image of a large pad surface contact area (top),  

and enlarged detail (bottom). 

 

5.3 Young’s Modulus Simulation 

To understand the mechanical properties of the pad surface material 

corresponding to individual large contact areas, the Young’s modulus is simulated on a 

contact area image which contains some individual large contact areas (see Figure 5.5f). 

The contact area image was taken on a Dow
®
 IC1000

TM
 K-groove pad at 1.5 psi. 
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The Young’s modulus is simulated via the following procedure (Borucki et al. 

2009): 

1. The topographic data of the pad sample is measured using laser confocal 

microscopy. The measured topography (without any applied load) is shown 

schematically in Figure 5.4.  

2. A value of Young’s Modulus is guessed and a load balance (based on the 

Greenwood and Williamson elastic model (Johnson 1985; Greenwood 1984; 

Lin 2007)) is performed to calculate the pressed displacement “h” of the 

summits from height level “a” to some height level “b” at the given load 

(which is light enough so that the contact between the wafer and pad asperities 

can be assumed to be strictly elastic in nature (Li 2008)).  

3. The contact region is contoured (see dotted line in Figure 5.4) at the new 

height level “b” and the simulated contact area is obtained by summing the 

areas of all contact contours.  

4. The simulated contact area is compared with the measured contact area. If the 

simulated area is smaller than the measured contact area, then the guessed 

Young’s modulus is higher than the actual modulus of the pad sample.  

5. A lower Young’s modulus is then guessed and the simulation resumed until 

the two contact areas are within 5 percent of one another.     

The simulation process and results are summarized in Figure 5.5. When Young’s 

modulus values are set to 540, 300, 150, 100 and 50 MPa, the simulated contact areas are 

determined to be 101, 193, 396, 594 and 8 3 μm
2
, respectively. Results show that a 
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simulated contact area of 8 3 μm
2
 corresponding to a Young’s modulus of 50 MPa is 

close to the measured contact area of  93 μm
2
.  

 

Figure 5.4: Schematic of pad surface topography and the pressing process. 

 

 

                              (a)                                   (b)                                    (c) 

 

                              (d)                                   (e)                                    (f) 

Figure 5.5: Young’s modulus simulations for large contact area pad surface  

(Borucki et al. 2009). 
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Figure 5.6 shows the guessed Young’s modulus as a function of the simulated 

contact area. As the Young’s modulus decreases the pad becomes softer thus resulting in 

a larger pressed displacement h when the summits are pressed under a certain load. As a 

result, the area of contact contours increases and so does the total simulated contact area. 

Based on Figure 5.6, using interpolation, it is found that the pad surface material 

corresponding to the measured individual large contact area has a Young’s modulus of 

approximately 64 MPa. 

 

 

Figure 5.6: A contact area of 793 μm
2
 corresponds to a Young’s modulus of    MPa. 

 

James (James 2001) showed that the modulus of an ungrooved solid polyurethane 

material pad and IC 1000 K-groove pad is 540 and 337 MPa, respectively. As the pad 

softens significantly when wetted, James (James 2001) also showed that the Young’s 

modulus is approximately 150 MPa for the same IC pad sample soaked in deionized (DI) 
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water for 150 hours. However, even for this modulus, the simulated contact area of 396 

μm
2
 is still smaller than measured values of 793 μm

2
. The simulation results indicate that 

64 MPa corresponds to the individual large contact area pad surface. Such a low value 

suggests that the pad material is soft and the summit underlying the individual large 

contact area is not fully supported. This is consistent with our SEM results where we 

observed fractured pore walls and loosely attached pad debris. As the soft material is very 

compliant, the large contact area may imply much lower contact pressures compared to 

small contact area induced by fully supported pad asperities. Moreover, a thin slurry film 

may form and generate positive fluid pressure between the fractured or collapsed pore 

walls and the wafer surface (Liao et al. 2011). As a result, large contact areas, with their 

intrinsically lower pressure, become lubricated and thus contribute less to removal rate 

than smaller and therefore higher pressure contact areas during polishing (Borucki et al. 

2009). 

 

5.4 Case Study 

5.4.1 Experimental Setup and Conditions 

All of the polishing experiments are performed on an Araca APD-800 polisher 

and tribometer equipped with real-time shear force and polishing down force data 

acquisition hardware during wafer polishing. Detailed description of the polisher and its 

accessories can be found in Chapter 2. Blanket 200-mm copper wafers are polished on a 

Dow
®
 IC1000

TM
 K-groove pad with Suba

TM
 IV sub-pad at the polishing pressure of 10.3 

KPa (1.5 psi) and sliding velocity of 1.0 m/s. A 3M
TM

 A2810 diamond disc is used to 
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condition the pad at two different conditioning down forces, 25.8 and 44.5 N (5.8 and 10 

lbf). The disc rotates at 95 rpm and sweeps at 10 times/min across the pad surface. All of 

the polishing experiments are carried out with in-situ conditioning. The slurry consists of 

seven volume parts of Hitachi Chemical HS-2H-635-12 slurry, seven volume parts of DI 

water and six volume parts of 30 percent ultra-pure hydrogen peroxide and is applied 

onto the pad center area at the flow rate of 300 ml/min during polishing. The polishing 

tests are first performed when the pad is conditioned at lower conditioning down force 

and then conditioned at higher force to erase any pad surface history. Under each 

conditioning down force, three wafers are polished and each wafer is polished for 90 

seconds. An Advanced Instruments Technology CMT-SR5000 Sheet 

Resistance/Resistivity Measurement System (four point probe) is used to measure the 

copper film thickness before and after polishing to calculate the copper removal rate. A 

pad sample is taken after polishing for each conditioning down force. Pad surface contact 

area and pad surface topography are analyzed using a Zeiss LSM 510 Meta NLO laser 

confocal microscope. Detailed description of the measurement procedure can be found 

elsewhere (Sun et al. 2010). For each pad sample, eight contiguous contact images are 

taken from left to right on a land area of 3.6×0.45 mm
2
 at 1.5 psi. After taking contact 

images, eight pad surface topographic images are also taken on the same region of the 

pad surface. Pad surface height probability density functions (PDFs) are constructed 

based on the topographic images and pad surface abruptness (λ) is then calculated. 

Detailed description of how PDFs are constructed as well as how λ is calculated can be 

found elsewhere (Sampurno et al. 2011; Sun et al. 2010). 
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5.4.2 Results and Discussion 

Figure 5.7 shows the removal rate results measured for the conditioning forces of 

25.8 and 44.5 N. The error bars represent the range of the removal rate obtained for the 

three experimental runs at each force. Results indicate that average removal rate values 

are similar at both conditioning forces, which are 2,439 and 2,433 Å/min for 25.8 and 

44.5 N, respectively.  

 

 

Figure 5.7: Summary of removal rate and total contact area results. 

 

As stated previously, pad surface contact area affects removal rate significantly. 

The total pad surface contact area is analyzed and the results are also shown in Figure 

5.7. The lower conditioning down force (25.8 N) generates a pad surface with 

significantly higher total pad surface contact area.  

Besides contact area, previous studies have shown that pad surface abruptness (λ) 
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is another important pad surface micro-texture parameter impacting material removal rate 

(Sampurno et al. 2011; Liao et al. 2011; Liao et al. 2013). A higher λ value indicates a 

rougher pad contacting surface and therefore should result in a higher removal rate. In 

this study, the pad surface abruptness indicates a value of 2.57 µm for the conditioning 

force of 25.8 N and a value of 2.53 µm at 44.5 N, which is within the reproducibility of 

our method. The fact that pad surface abruptness values are also similar at the two 

conditioning down forces is consistent with removal rate trends. Since the removal rates 

and λ are similar at both forces, it is expected that the contact area should be also similar. 

However, the total contact area generated at lower conditioning force is significantly 

higher than that at higher conditioning force, as shown in Figure 5.7. As discussed in the 

simulation section, the individual large contact area has little contribution to removal rate. 

It is possible that there may be some individual large contact areas generated at the lower 

conditioning force. Therefore, it is necessary to separate the individual large contact areas 

from the total contact area. 

From contact area images, contours of each contacting asperity can be extracted 

and its area can be calculated. By adding up all of the individual contact areas of a certain 

range, the total contact area of that range can be obtained. Figure 5.8 shows the measured 

total large contact area when different threshold sizes of large individual contacting 

asperity are selected. The filled circles represent the total large contact area obtained at 

25.8 N while the unfilled circles represent the total large contact area obtained at 44.5 N. 

For example, if 3 μm
2
 is selected as the threshold size, the total large contact area equals 

the summation of the areas of all contacting contours that have the individual size of 3 
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μm
2
 or higher. As shown in the figure, regardless of the threshold size selected to define 

“large” individual contacting asperities, the total large contact area at  5.8 N is 

significantly higher than that of 44.5 N. As analyzed in previous section, large contact 

areas are mostly induced by collapsed pore walls and loosely attached pad debris. It 

seems that these collapsed pore walls and loosely attached pad debris are removed by the 

higher conditioning force.  

 

 

Figure 5.8: Measured total large contact area based on contacting asperity threshold size. 

 

Figure 5.9 shows the measured total small contact area based on contacting 

asperity threshold size. Similarly, the filled circles represent the total small contact area 

obtained at lower conditioning force while the unfilled circles represent the total small 

contact area obtained at higher conditioning force. For example, if 0-3 μm
2
 range is 

selected to define the size of “small” contacting asperities, the total small contact area 
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equals the summation of the areas of all contacting contours that have the individual size 

of smaller than 3 μm
2
. Results show that the total small contact area value at 25.8 N is 

close (difference < 10%) to that at 44.5 N when 0-8 or 0-9 μm
2
 ranges are selected to 

define the size of “small” contacting asperities.  

 

 

Figure 5.9: Measured total small contact area based on contacting asperity threshold size. 

 

For the sake of simplicity, 9 μm
2
 is selected as a threshold value to differentiate 

the individual “large” contact areas from the “small” ones in this case study. The contact 

area of one single piece equals to or larger than 9 μm
2
 is named as individual “large” 

contact area. Recall that the removal rate values are similar at the two conditioning forces, 

suggesting that the similar removal rate results are mainly caused by the similar total 

small contact area results and confirming that the individual large contact area has 

minimal contribution to removal rate. Comparing with the individual large contacts, most 
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of the small contacts are fully supported by the pore walls and bears higher pressure thus 

contributing significantly to removal rate. 

Since individual large contact areas contribute minimally to removal rate, it is 

necessary to separate them from the total contact area and focus on the small contact 

areas when investigating the effect of contact area on removal rate. This study shows that, 

for IC-1000 pad, 9 μm
2
 may be selected as a threshold value to differentiate the 

individual “large” contact areas from the small ones. The threshold values that define 

“small” and “large” individual contact areas for other types of pads may be different, but 

we believed that the differentiation methodology set forth in this study should be 

effective for other pads. 

 

5.5 Conclusions 

In this study, the individual large pad surface contact area and its impact on 

copper CMP were investigated. The corresponding pad surface structure and mechanical 

properties of the pad material were analyzed. SEM analysis showed that individual large 

contact areas were generated by collapsed pore walls and loosely attached pad debris. 

Simulation results showed that these areas corresponded to very low values of Young’s 

modulus (about 64 MPa) suggesting that the pad was soft and the summit underlying 

individual large contact areas was not fully supported. This was consistent with the SEM 

analysis results. As the soft material was compliant, the large contact areas implied much 

lower contact pressures compared to the small contact areas induced by fully supported 

pad asperities. As a result, large and low-pressure individual contacts became easily 
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lubricated and contributed less to removal rate than small and high-pressure contact 

regions.  

A case study was presented to illustrate the role of the individual large contact 

areas on material removal rate in copper CMP. 200-mm copper wafers were polished at 

the two different conditioning down forces, 25.8 and 44.5 N. Removal rate values were 

similar for the two forces and so were the pad surface abruptness values. However, the 

total contact area at 25.8 N was significantly higher than that at 44.5 N while the total 

small contact areas were similar to one another. This suggested that the similar removal 

rate results were mainly caused by the similar small contact areas (i.e. smaller than 9 

μm
2
), confirming that the individual large contact area had minimal contribution to 

removal. Comparing with the individual large contact areas, most of the individual small 

contact area were fully supported by the pore walls and induced high pressure which 

contributed significantly to removal. We believe that this contact area classification 

methodology can be also applied to other types of pad, although the threshold values that 

define “small” and “large” individual contact areas for different pads may be different. 
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CHAPTER 6 

EFFECT OF PAD SURFACE MICRO-TEXTURE ON INTERLAYER 

DIELECTRIC CMP
*
  

 

In this chapter, the effect of pad surface micro-texture on removal rate in 

interlayer dielectric CMP was investigated. Blanket 200-mm oxide wafers were polished 

on a Dow
®
 IC1000

TM
 K-groove pad conditioned at two different conditioning forces. The 

COF increased slightly (by 7%) while the oxide removal rate increased dramatically (by 

65%) when the conditioning force was increased from 26.7 to 44.5 N. Pad surface micro-

texture was analyzed using a laser confocal microscopy. Results showed that pad surface 

abruptness did not change significantly while pad surface contact area decreased 

dramatically (by 71%) at the conditioning force of 44.5 N. This led to a sharp increase in 

the local contact pressure and therefore resulted in a significantly higher removal rate. 

 

6.1 Introduction 

The pad plays a critical role in the CMP process and impacts polishing 

performance such as material removal and defect formation (Li 2008). Currently, it is 

generally agreed that most mechanisms responsible for material removal occurs at or near 

microscopic pad asperity contact points (Borucki et al. 2007). Therefore, it is important 

to study pad surface micro-texture and its effect on polishing performance. Most previous 

studies on the pad surface micro-texture have been focused on the characterization 

methods and factors that affect pad surface contact area and topography (Elmufdi et al. 

*
 X. Liao, Y. Zhuang, L. Borucki, J. Cheng, S. Theng, T. Ashizawa, and A. Philipossian, Jpn. J. Appl. 

Phys., 52, 018001 1-2 (2013). Copyright (2013) The Japan Society of Applied Physics 
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2006; Elmulfdi et al. 2007; Sun et al. 2010; Diaconescu et al. 2006; Gray 2008; Gray et 

al. 2007). For example, Elmufdi and Muldowney used confocal reflectance interference 

contrast microscopy to quantify the contact area between a pad and wafer under realistic 

polishing pressures and investigated the effect of pad material, conditioner type, and 

extent of conditioning on the pad surface contact area (Elmufdi et al. 2006; Elmulfdi et al. 

2007). Sun et al. employed laser confocal microscopy to measure the pad surface contact 

area as well as pad surface topography and studied the relation between contact area and 

contact summit density under different pressures (Sun et al. 2010). In a recent study (Liao 

et al. 2011), 200-mm blanket copper wafers were polished and the polishing results were 

correlated to the pad surface contact area and topography. It was found that higher near 

contact area induced by the fractured and collapsed pore walls plays a significant role in 

lowering the coefficient of friction (COF) and removal rate during Cu CMP. In this study, 

blanket 200-mm oxide wafers were polished with two different conditioning forces (26.7 

and 44.5 N). A pad sample was taken after wafer polishing for each conditioning force. 

Pad surface contact area and topography were measured and analyzed using a laser 

confocal microscopy to illustrate their effects on the oxide removal rate.   

 

6.2 Experimental Setup and Conditions 

In this study, 200-mm blanket oxide wafers were polished on an Araca APD-500 

polisher and tribometer. Detailed description of the polishing apparatus can be found 

elsewhere (Sampurno 2008; http://www.aracainc.com/products/apd-500). A Mitsubishi 

Materials Corporation 100-grit diamond disc, with triple ring dot design, was used to 

http://www.aracainc.com/products/apd-500
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condition a Dow
®

 IC1000
TM

 K-groove pad with Suba
TM

 IV sub-pad during wafer 

polishing at two conditioning forces (26.7 and 44.5 N). At each force, five new blanket 

oxide monitor wafers were polished to assess the experimental reproducibility. Each 

wafer was polished for one minute at 27.6 kPa and sliding velocity of 1.2 m/s. Before 

polishing, the diamond disc was used to break in the pad for 60 minutes with deionized 

water. The disc rotated at 95 rpm and swept 10 times per minute across the radius of the 

pad. Pad break-in was followed by 10 minutes of pad seasoning using 200 mm test oxide 

wafers. The shear force generated between the wafer and pad was monitored to insure 

that stable frictional force was achieved prior to monitor wafer polishing. Oxide film 

thickness was measured before and after polishing to calculate oxide removal rate. The 

polishing slurry consisted of two volume parts of Hitachi Chemical HS C1 slurry, one 

volume part of Hitachi Chemical HS GP1 slurry and seven volume parts of deionized 

water. The slurry was applied at 150 ml/min on the center area of the pad. During 

monitor wafer polishing, shear force was measured in real-time at 1,000 Hz. COF was 

then calculated by dividing the measured shear force (Fshear) over the applied normal 

force (Fnormal) as shown in Eq. 6.1: 

 

                                                    
normal

shear

F

F
COF                                                    Eq. 6.1 

 

After wafer polishing, pad samples were taken and pad surface micro-texture was 

analyzed using a Zeiss LSM 510 Meta NLO laser confocal microscope. Detailed 

description of the pad surface contact area and topography measurement procedures can 
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be found elsewhere (Sun et al. 2010). For each pad sample, contact images were taken at 

27.6 kPa (same as the polishing pressure) using a specialized sample holder (Borucki 

2011). A series of eight contiguous, non-overlapping images were taken from left to right 

on one pad land area. Each image size is 450 x 450 μm
2
. Contact area was extracted from 

the contact images. Contact area percentage was calculated by dividing the measured 

contact area over the total analyzed pad surface area (3.6 x 0.45 mm
2
). Eight pad surface 

topographic images were also collected in approximately the same location as the contact 

images without applying any load. Each topographic image was 450 x 450 μm
2
 in size. 

Pad surface height probability density functions (PDFs) were constructed based on the 

measured topographic images, and pad surface abruptness (λ) was extracted. Detailed 

description of how PDFs were constructed as well as how pad surface abruptness was 

extracted can be found elsewhere (Sampurno et al. 2011; Sun et al. 2010).
 

 

6.3 Results and Discussion 

6.3.1 Polishing Results Analysis 

Polishing results show that COF increases from 0.47 (mean value) ± 0.004 

(standard deviation) to 0.50 (mean value) ± 0.003 (standard deviation) when conditioning 

force is increased from 26.7 to 44.5 N. Removal rate exhibits a similar trend, increasing 

from 2,015 (mean value) ± 40 (standard deviation) to 3,288 (mean value) ± 103 (standard 

deviation) A/min when conditioning force is increased. However, it must be noted that 

removal rate increases much more significantly (by 65%) than COF (by 7%). Previous 

studies have shown that COF has a significant impact on the oxide removal rate, such that 



 

 

164 

a certain amount of change in COF results in a proportional change in removal rate 

(Zhuang et al. 2007; Lee et al. 2010; Philipossian et al. 2004). For example, Zhuang et al. 

investigated the effect of polishing conditions on oxide removal rate and COF using a 

ceria based abrasive slurry and found that COF increases by 61% while removal rate 

increases by 67% when polishing pressure is increased from 20.7 to 34.5 kPa (Zhuang et 

al. 2007). Lee et al. investigated the effect of pad flattening ratio during oxide CMP 

process and found that both COF and oxide removal rate decrease slightly (by 12% and 

14%, respectively) and then stabilize during a series of oxide wafer polishing with ex-situ 

pad conditioning (Lee et al. 2010). Philipossian and Olsen investigated the effect of 

slurry flow rate on pad life during oxide CMP and found that COF increases by 8% while 

removal rate increases by 5% when slurry flow rate is decreased from 120 to 40 ml/min 

(Philipossian et al. 2004).  

Different from the previous studies noted above, the significant increase in 

removal rate vs. the not-so-significant increase in COF observed in this study suggests 

that factors other than COF contribute to oxide removal rate. Our recent research has 

shown that pad surface micro-texture affects material removal rate significantly during 

copper CMP (Liao et al. 2011). It should be noted that the only parameter that has been 

changed in this study is the conditioning force. Pad surface micro-texture is expected to 

be different at the two conditioning forces and therefore it is analyzed in the next section. 
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6.3.2 Pad Surface Micro-texture Analysis 

Pad surface topography and contact area are then analyzed. From the measured 

pad surface topography, pad surface height probability density functions (PDFs) are 

constructed and pad surface abruptness (λ) is extracted from the right hand tail of the 

PDFs. In a previous study, it was found that a larger pad surface abruptness causes a 

higher material removal rate (Sampurno et al. 2011). In this study, the extracted pad 

surface abruptness decreases slightly from 1.58 to 1.47 m when conditioning force is 

increased from 26.7 to 44.5 N. Therefore, pad surface abruptness is not likely the factor 

that causes the higher removal rate at the conditioning force of 44.5 N. 

Besides pad surface abruptness, pad surface contact area is another important 

factor which impacts material removal rate. There have been several studies on the 

influence of pad surface contact area on removal rate. Most of these studies found that 

higher contact area leads to lower removal rate due to the lower local contact pressure 

(Sun et al. 2010; Mejia et al. 2003; Yamada et al. 2010; Jeong et al. 2012). In this study, 

pad surface contact area percentages are calculated and their values are 0.040% and 0.011% 

at the conditioning forces of 26.7 and 44.5 N, respectively. Recall that average removal 

rates are 2,015 and 3,288 A/min at the conditioning forces of 26.7 and 44.5 N, 

respectively. Consistent with the above reported trend (Sun et al. 2010; Mejia et al. 2003; 

Yamada et al. 2010; Jeong et al. 2012), higher pad contact area generated at lower 

conditioning force induces a lower removal rate while lower contact area generated at 

higher conditioning force produces a higher removal rate. Since local contact pressure is 

inversely proportional to contact area at a constant polishing down force, such a dramatic 
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decrease in contact area leads to a significant increase (by 71%) in local contact pressure 

and results in a 65% higher oxide removal rate at the conditioning force of 44.5 N. It 

should be noted that the increasing ratio of removal rate is very close to that of local 

contact pressure, indicating a Prestonian relationship between removal rate and local 

contact pressure.  

In a previous study, it was found that large size contact area corresponds to 

collapsed pore walls and loosely attached pad debris (Borucki et al. 2009). As the contact 

area percentage is significantly higher at the lower conditioning force (26.7 N), it is 

possible that collapsed pore walls and loosely attached pad debris are formed and they 

make the pad surface more lubricated rendering a lower COF. On the other hand, at the 

higher conditioning force (44.5 N), the collapsed pore walls and loosely attached pad 

debris are removed from the pad surface by the more aggressive pad conditioning, 

resulting in lower contact area and higher COF. In this study, COF increases by 7% when 

conditioning force is increased from 26.7 to 44.5 N. As the polishing down force is kept 

constant, shear force also increases by 7%. By definition, shear stress is calculated by 

dividing shear force over contact area. Therefore, shear stress increases by 270% as 

contact area decreases by 71% when conditioning force is increased from 26.7 to 44.5 N. 

Higher polishing rates can be achieved by properly controlling the process 

parameters. As shown in this study, removal rate is enhanced with an increase in the 

conditioning down force. However, pad wear rate will also increase at the higher 

conditioning force, causing a decrease in the pad life and an increase in the cost of 

ownership. Therefore, when it comes to selecting a proper conditioning force, IC makers 
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need to make a balance between achieving a high removal rate and maintaining a low pad 

wear rate.  

 

6.4 Conclusions 

In this study, the effect of pad surface micro-texture on oxide removal rate was 

investigated. Results showed that when conditioning force was increased from 26.7 to 

44.5 N, oxide removal rate increased by 65% while COF increased by only 7%. Pad 

surface micro-texture analysis was performed to analyze pad surface abruptness and 

contact area. While the two conditioning forces generated similar pad surface abruptness, 

pad surface contact area was significantly lower (by 71%) at the conditioning force of 

44.5 N. Such dramatic decrease in pad surface contact area led to a significant increase in 

local contact pressure and therefore resulted in a significant increase in oxide removal 

rate. The oxide removal rate and local contact pressure exhibited a Prestonian 

relationship.  
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CHAPTER 7 

EFFECT OF PAD SURFACE MICRO-TEXTURE ON DISHING  

AND EROSION DURING STI CMP
*
  

 

In this chapter, the effect of pad surface micro-texture on dishing and erosion 

during shallow trench isolation (STI) chemical mechanical planarization was 

investigated. In order to generate different pad surface micro-textures, a 3M A2810 disc 

(3M) and a Mitsubishi Materials Corporation TRD disc (MMC) were used to condition a 

Dow
®
 IC1000

TM
 K-groove pad. For each disc, 200-mm blanket TEOS wafers as well as 

SKW3-2 STI wafers were polished. Results showed that the two discs generated similar 

blanket wafer removal rates, while the MMC disc generated significantly higher dishing 

and erosion compared to the 3M during patterned wafer polishing. Pad surface 

topography was analyzed using laser confocal microscopy after patterned wafer 

polishing. Results showed that the MMC disc generated a pad surface with significantly 

higher mean pad summit curvature than the 3M disc. This indicated that the MMC disc 

generated sharper pad asperities, resulting in higher dishing and erosion due to greater 

direct contact with the “down” features.  

 

7.1 Introduction 

During CMP, the pad surface makes direct contact with the wafer surface to 

mechanically remove the chemically-modified wafer surface. It is generally agreed that 

most mechanisms responsible for material removal occur at or near microscopic pad 

*
 X. Liao, Y. Zhuang, L. Borucki, J. Cheng, S. Theng, T. Ashizawa, and A. Philipossian, submitted to Jpn. 

J. Appl. Phys., Manuscript Number RP140013 (2014). 
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asperity contact points (Borucki et al. 2007). Therefore, it is important to investigate the 

effect of pad surface micro-texture on polishing performance.  

Many studies of the pad surface micro-texture have focused on pad surface 

roughness and its effect on polishing performance (Matsumura et al. 2008; Yoshida et al. 

2008; Park et al. 2008; Liang et al. 1997). For example, Matsumura et al. investigated the 

effect of pad surface roughness on copper removal rate and showed that copper removal 

rate was affected by micro roughness caused by the pad conditioner (Matsumura et al. 

2008).
 
Yoshida et al. studied the effect of pad surface roughness on silica removal rate 

using four different slurries containing ceria powders of different crystallite sizes 

(Yoshida et al. 2006). Results demonstrated that silica removal rate was strongly 

influenced not only by pad surface roughness but also by the crystallite size of the ceria 

nano-particles in the slurry. Park et al. investigated the pad surface topography 

distribution and its effect on material removal uniformity (Park et al. 2008). They found 

that a pad with a uniform roughness provided a more stable polishing performance than a 

pad whose surface roughness was random. In addition, Liang et al. investigated the 

relationship between consumable properties and polishing performance. They found that 

a rougher pad may cause more defects (Liang et al. 1997).  

Recently, a new descriptor of pad surface micro-texture, namely the pad surface 

abruptness (λ), was proposed and its effect on polishing performance investigated 

(Sampurno et al. 2011; Sun et al. 2010). Unlike the roughness value which is extracted 

from the whole range of the pad surface heights, pad surface abruptness is extracted from 

the top asperities that contact the wafer during polishing and therefore assumed to be 
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more relevant to CMP. Sampurno et al. correlated the pad surface abruptness with the 

coefficient of friction (COF) and removal rate during tungsten CMP (Sampurno et al. 

2011). Their work showed that a pad surface with larger abruptness rendered higher 

values of COF and tungsten removal rates. Sun et al. correlated pad conditioning with 

removal rate through surface abruptness during copper CMP and found that abruptness 

increased with the increase in conditioning down force, resulting in lower copper removal 

rate (Sun et al. 2010). In summary, the above studies successfully characterized some 

parameters related to pad surface micro-texture (i.e. pad surface roughness and 

abruptness) and illustrated their effect on polishing performance during blanket wafer 

polishing.  

It is important to note that none of these studies investigated the effect of pad 

surface micro-texture on polishing performance during patterned wafer polishing where 

high values of dishing and erosion are known to cause significant yield losses and 

degrade device performance. As such, it is critical to understand what factors affect them. 

The objective of this study is to investigate the effect of pad surface micro-texture 

on dishing and erosion during shallow trench isolation (STI) CMP. Two different types of 

diamond discs are used to condition the pad during wafer polishing aiming at generating 

different pad surface micro-texture. For each disc, 200-mm patterned STI wafers are 

polished and dishing and erosion measured. After wafer polishing, pad surface micro- 

texture in terms of pad surface abruptness and mean pad summit curvature (a novel 

descriptor discussed later in this paper) is analyzed, and its effect on dishing and erosion 

is evaluated. 
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7.2 Experimental 

All polishing was performed on an Araca APD-500 polisher and tribometer. 

Details of the polishing apparatus can be found elsewhere (Sampurno 2008; 

http://www.aracainc.com/products/apd-500). Two different diamond discs, 3M A2810 

disc (3M) and MMC disc with triple ring dot, TRD, design (MMC), were used to 

condition a Dow
®
 IC1000

TM
 K-groove pad under the conditioning force of 44.5 N. The 

disc rotated at 95 rpm and swept 10 times per minute across the radius of the pad. For 

each disc, five blanket monitor TEOS wafers and three SKW3-2 STI wafers were 

polished. Figure 7.1 shows the SKW3-2 STI wafer specification 

(http://www.testwafer.com/testwafers.htm). Each blanket monitor wafer was polished for 

1 min at 27.6 kPa and a sliding velocity of 1.2 m/s. Immediately after blanket monitor 

wafer polishing, patterned wafers were polished. Each patterned wafer was polished for 3 

min at 27.6 kPa and a sliding velocity of 1.2 m/s. It should be noted that for each disc, the 

pad was conditioned using deionized (DI) water for 60 min and blanket test oxide wafers 

were then polished for 10 min to ensure a stable pad surface had been achieved before 

monitor wafers were polished (Liao et al. 2011). The slurry consisted of two volume 

parts of Hitachi Chemical HS C1 slurry, one volume part of Hitachi Chemical HS GP1 

slurry and seven volume parts of DI water. The slurry was dispensed at 150 ml/min on 

the center area of the pad.  
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(a) 

 

(b) 

Figure 7.1: (a) Cross sectional view of the SKW3-2 wafer and (b) SKW3-2 mask floor 

plan (http://www.testwafer.com/testwafers.htm). 

http://www.testwafer.com/testwafers.htm
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Blanket wafer removal rate was determined by measuring the oxide film thickness 

before and after polishing using a SENTECH Instruments FTP reflectometer. For 

patterned wafers, dishing and erosion analyses were performed on 100-micron pitches in 

the wafer center die using a Veeco Dektak 150 surface profiler. 

For each disc, a pad sample was taken after patterned wafer polishing and its 

topography was analyzed using a Zeiss LSM 510 Meta NLO laser confocal microscope. 

Detailed description of the pad surface topography measurement procedure can be found 

elsewhere (Sun et al. 2010; Sun 2009). For each pad sample, eight contiguous, non-

overlapping images were taken on a pad land area and each image was 450×450 µm
2
 in 

size. Based on the obtained topographic images, pad surface height probability density 

functions (PDFs) were constructed and pad surface abruptness extracted. Detailed 

description of the above methodologies may be found elsewhere (Sampurno et al. 2011; 

Sun et al. 2010). In addition, based on the obtained topographic images, mean pad 

summit curvature (ks) was extracted per the procedure described below: 

 

7.3 Mean Pad Summit Curvature Analysis 

In mathematics, the “radius of curvature” at the highest point of a curve is the 

radius of the best-fitting circle at that point, and the “curvature” is defined as the 

reciprocal of the “radius of curvature”. For a pad asperity summit (i.e. a surface), the 

mean curvature is the average of the curvatures in two directions (i.e. x and y). 

Furthermore, a pad surface summit with larger curvature should have sharper asperities.  
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Based on the topographic images, mean pad summit curvature (ks) can be 

extracted. This is analyzed via the following procedure. First, three dimensional pad 

surface topography data is obtained using laser confocal microscopy. Figure 7.2 shows an 

example of a topographic image obtained in this study. The color bar on the right side of 

the figure depicts the pad surface height. The red color represents the relatively higher 

levels of the pad surface, while the blue color refers to the relatively lower levels of the 

pad.  

 

  

Figure 7.2: Example of a topographic image of the pad surface. 
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Figure 7.3: Schematic of pad surface topography. 

 

Second, pad surface summits are identified and contoured. In order to determine 

pad surface summits, a reference pad surface height level is needed. The asperities above 

the reference level are identified as summits. In this study, summits for a topographic 

image are determined by choosing a pad surface height level at which the maximum 

number of summits is found. The purpose is to better represent the overall shape of the 

pad surface. For example, in Figure 7.3, no summit is found if we choose level “a” as the 

reference level. This means no pad summit contacts the wafer surface during polishing, 

and therefore it does not make sense. Only one summit is included if level “b” is chosen. 

In mathematics, the curvature is calculated at the highest point of the only summit. As 

such, it is obvious that the curvature at the highest point of this only summit cannot 

represent the sharpness of the overall shape shown in Figure 7.3. On the other hand, the 

maximum number (i.e. 3) of summits is found when choosing level “c” as the reference 

level. The average curvature of these three summits may better represent the sharpness of 

the overall shape of the pad surface shown in Figure 7.3. After choosing the proper 
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reference level, pad surface summits are identified, and the contour of each summit can 

be obtained. As an example, Figure 7.4(a) shows the summit contours in xy-plane for a 

topographic image.  

Third, a fitted surface for each summit is established. From the measured 

topographic image, the pad surface height data inside of each summit contour is extracted. 

The data is then fitted using a polynomial with two variables (x and y). This is done to 

smooth out the noise in the data and to better approximate the overall shape of the 

summit. An 8
th

 degree polynomial with 45 terms is found to provide adequate smoothing.  

By connecting all of the points fitted by the polynomial with black lines, a fitted 

surface is established. Figure 7.4(b) shows the fitted surface for an example summit in 

Figure 7.4 (a). The color bar representing height levels is shown in Figure 7.4(c). It must 

be noted that the data higher or lower than the fitted surface are both thought to be noise 

and are not part of the analysis. 

 



 

 

177 

 

Figure 7.4: (a) Summit contours, (b) the fitted surface and (c) the color bar 

(submitted to The Japanese Journal of Applied Physics, 2014).  
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Fourth, the curvature at the summit maximum (i.e. highest point) of the fitted 

surface is calculated. This is approximated from the polynomial using  
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2
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z
s                       Eq. 7.1 

 

where s is the summit curvature, z is the dependent variable of the polynomial, and x 

and y are independent variables of the polynomial. By substituting x and y values at the 

highest point (maximum z) in the above equation, the curvature of the highest point 

inside the summit contour is obtained and it is defined as the curvature of this summit 

contour.  

Finally, curvatures of all other summit contours are calculated similarly. By 

averaging the summit curvatures over all of the images of one pad sample, the mean 

summit curvature of the pad sample is then obtained. It is termed as “mean pad summit 

curvature” in this study. 

A pad surface summit with larger curvature should have sharper asperities than 

one with a smaller curvature. During patterned wafer polishing, sharp pad asperities have 

a greater tendency to penetrate into the recessed areas on the wafer easily, which may 

make more contribution to dishing and erosion. 

 

7.4 Results and Discussion 

Results indicate that the average removal rate and standard deviation for the 3M 

disc (3,167 ± 26 A/min) is similar to that of the MMC disc (3,315 ± 103 A/min). In 

general, patterned wafer removal rate can be correlated with blanket wafer removal rate 
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by a sheet film equivalent (SFE), which is the ratio of the patterned and blanket wafer 

removal rates (Patel et al. 2000; Smith et al. 1999). In this study, the two discs generated 

similar blanket wafer removal rates. It is therefore expected that the two discs will 

generate similar patterned wafer removal rates under the same conditions. 

To eliminate the effect of polishing time on dishing and erosion, the same 

polishing time (i.e. 3 min) is used during patterned wafer polishing for the two discs. 

Under the same polishing conditions, one might expect the two discs to generate similar 

values of dishing and erosion due to their similar blanket wafer polishing rates.  

Tables 7.1 and 7.2 compare dishing and erosion values between the 3M and 

MMC discs, respectively. Far from expectation, for different patterned densities 

investigated, the MMC disc generates significantly higher dishing and erosion values 

than the 3M disc. As an example, for a 10% pattern density, the MMC disc generates 

approximately 3 times the amount of dishing and erosion as the 3M A2810 disc. It should 

be noted that the only difference in the two cases is the type of the disc.  

Since pad surface micro-texture generated by the two discs is expected to be 

different, pad surface abruptness (λ) and the mean summit curvature (ks) are analyzed to 

illustrate their effect on dishing and erosion. The results for pad surface abruptness 

analysis indicate a value of 3.18 µm for 3M and 2.92 µm for the MMC disc, respectively. 

The significant difference in the measured dishing and erosion is in stark contrast to the 

similarity in the pad surface abruptness results (i.e. a mere 9 percent higher for the 3M 

disc). This suggests that surface abruptness is not the dominant factor that causes the 

higher dishing and erosion values for the MMC disc.  
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Table 7.1: Dishing comparison between the 3M disc and MMC disc for 

 

different pattern densities. 

 

 

Diamond Disc Pattern Density Dishing (Å) 

3M A2810 

10% 275 

30% 600 

50% 200 

70% 125 

90% 175 

MMC TRD 

10% 750 

30% 1400 

50% 300 

70% 225 

90% 275 

 

Table 7.2: Erosion comparison between the 3M disc and MMC disc for  

different pattern densities. 

 

Diamond Disc Pattern Density Erosion (Å) 

3M A2810 

10% 34 

30% 22 

50% 49 

70% 11 

90% 4 

MMC TRD 

10% 103 

30% 23 

50% 86 

70% 24 

90% 18 

 

On the other hand, the mean pad summit curvature of the MMC disc (0.89 µm
-1

) 

is significantly larger than that of the 3M disc (0.51 µm
-1

). This indicates that the MMC 
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disc generates sharper pad asperities which are more likely to partially penetrate the 

recessed areas of the patterns and contact the “down” features thus resulting in higher 

dishing and erosion. Therefore, it is believed that in this study, the mean pad summit 

curvature is the dominant factor that causes the significantly higher dishing and erosion 

for the MMC disc.  

 

7.5 Conclusions 

The effect of pad surface micro-texture on dishing and erosion during STI CMP 

was investigated. Two discs, 3M A2810 disc and MMC TRD disc, were used to 

condition an IC 1000 K-groove pad. For each disc, 200-mm blanket TEOS wafers and 

SKW3-2 STI wafers were polished. Results showed that the two discs generated similar 

blanket wafer removal rates, while the MMC disc generated significantly higher dishing 

and erosion than the 3M disc during patterned wafer polishing. In order to illustrate the 

effect of pad surface micro-texture on dishing and erosion, pad samples were taken after 

the patterned wafer polishing and the pad surface topography was analyzed using a laser 

confocal microscope. The pad surface abruptness and mean pad summit curvature were 

extracted based on the obtained topographic images. The results showed that the 3M and 

MMC discs generated similar pad surface abruptness values, suggesting that abruptness 

was not the dominant factor that caused higher dishing and erosion for the MMC disc. On 

the other hand, the MMC disc generated significantly higher mean pad summit curvature 

than its 3M counterpart, indicating that the MMC disc generated sharper pad asperities 

which partially penetrated the recessed areas on the wafer and caused higher dishing and 
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erosion. Therefore, the mean pad summit curvature was the dominant factor that caused 

the significantly higher dishing and erosion for the MMC disc. 
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CHAPTER 8 

EFFECT OF SLURRY APPLICATION/INJECTION SCHEMES ON SLURRY 

AVAILABILITY DURING CMP
*
 

 

In this chapter, the effect of slurry application/injection schemes on slurry 

availability during CMP was investigated. A new ultraviolet enhanced fluorescence 

system was developed to measure slurry film thickness at the retaining ring bow wave for 

standard pad center area application and novel slurry injection methods. As the novel 

slurry injection system was placed adjacent to the retaining ring on the pad surface, it 

generated statistically thicker bow waves (up to 104 percent) in 7 out of 8 cases at 

different sliding velocities, slurry flow rates and ring pressures, providing more slurry 

availability for the pad-retaining ring interface. Slurry savings associated with the novel 

slurry injection system was estimated to range between 8 and 48 percent depending on 

specific process conditions. 

 

8.1 Introduction 

Slurry accounts for as much as 45 percent of the total cost of ownership (COO) in 

CMP (Holland et al. 2002). In the previous work of our research team, we have shown 

that, during CMP, most of the slurry is discharged towards the waste stream by 

centrifugal forces before reaching the wafer, thus resulting in very low slurry utilization 

efficiencies of 2-25 percent (Yeomans et al. 2008). As such, we believe that developing 

methods that lead to more efficient slurry utilization, will not only reduce COO, but also 

*
 X. Liao, Y. Sampurno, Y. Zhuang, and A. Philipossian, Electrochem. Solid-State Lett., 15, H118-H122 

(2012). Reproduced by permission of The Electrochemical Society 
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decrease the potential environmental burden generated by the wasted slurry. When it 

comes to delivering slurry onto the pad surface, several methods have been proposed. 

Mok proposed an apparatus for spraying slurry onto the pad surface rather than the 

traditional way of pumping the slurry onto the pad center (Mok 1999). Chamberlin et al. 

proposed a slurry injection technique which involved spraying the slurry onto the pad 

under pressure through multiple nozzles (Chamberlin 1999). Chiou et al. also proposed a 

slurry injector having multiple adjustable nozzles (Chiou 2002). Chang proposed a 

method for dispensing slurry through multiple nozzles to distribute the slurry over the 

entire wafer track (Chang 2005). 

While these methods claim to help deliver fresh slurry to the polishing interface, 

their potential beneficial effects still remain to be quantified. Moreover, none of them are 

designed to prevent the mixing of spent slurry with the fresh slurry during the process. As 

the spent slurry contains polishing by-products, it may decrease material removal rate and 

cause polishing defects. In the current standard CMP processes, because polishing by-

products and pad debris are generated on the pad surface, large amount of ultra pure 

water (UPW) is used to rinse the pad surface between wafer polishing. This is referred to 

as the pad rinsing step. At the end of the pad rinsing step, there is appreciable amount of 

UPW staying on the pad surface and inside the pad grooves. When fresh slurry is injected 

onto the pad surface to polish the next wafer, the fresh slurry will mix with residual UPW 

and get diluted, resulting in lower material removal. In summary, the current standard pad 

center area slurry application method and previously proposed slurry application/- 
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injection methods do not provide efficient slurry utilization and leave significant room to 

improve polishing performance. 

Recently, a novel slurry injection system was analyzed in chemical mechanical 

planarization (Meled et al. 2011). Slurry mean residence time (MRT), removal rate and 

polishing defects were compared between this new slurry injection system and the 

standard slurry application method. Results showed the novel slurry injection system can 

prevent the mixing of used slurry with the fresh slurry, generating shorter slurry MRT, 

higher removal rate and lower polishing defects than the standard pad center area slurry 

method. As a continuation of that study, the same slurry application/injection schemes 

were used in this study. 

The primary objective of this study is to develop an ultraviolet enhanced 

fluorescence technique (along with a comprehensive calibration methodology) and to use 

this technique to measure slurry film thickness at the retaining ring bow wave in an effort 

to quantify slurry availability. A second objective is to apply the new technique to 

determine how two different slurry application/injection schemes along with various 

polishing conditions such as sliding velocity, ring pressure and slurry flow rate affect 

slurry availability in the bow wave region of the polisher. 

 

8.2 Experimental Setup and Conditions 

In this study, the traditional (or standard) pad center area slurry application 

method and a novel slurry injection system (Meled et al. 2011; Borucki et al. 2010; 

Philipossian et al. 2010) were used to apply or inject slurry onto the pad surface. Figures 
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8.1a and b schematically show the top view of a polisher with the standard slurry 

application method and novel slurry injection system, respectively. For the standard 

slurry application method, slurry is applied onto the pad center area. For the novel slurry 

injection system, slurry is introduced through an injector which is securely mounted to 

the polisher and placed adjacent to the retaining ring on top of the pad surface. The 

distance between the injector and retaining ring (where the bow wave is formed) is less 

than 3 cm. As the slurry injector sits gently on top of the pad surface, it blocks the spent 

slurry and residual UPW used during the pad rinsing step from re-entering the pad-

retaining ring interface during polishing. 

 

 

 (a)                                                              (b) 

Figure 8.1: Top view of a polisher with (a) standard slurry application method and (b) 

novel slurry injection system. 
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The crescent shaped novel slurry injector has a gimbal joint and is attached to the 

polisher by a support arm through this gimbal point. Fresh slurry is introduced through 

the slurry inlet from the slurry tank, travels inside an internal channel, and flows out 

through the multiple holes in the trailing edge of the injector bottom. As the pad rotates 

and creates momentum to tilt the injector during polishing, several weights are placed on 

top of the injector body to keep the injector balanced. The pressure exerted on the pad 

surface by the injector is about 0.7 kPa. Compared with the normal wafer polishing 

pressures (6.9 to 41.4 kPa) applied during CMP processes, the pressure exerted by the 

injector and its effect on the pad surface can be neglected. 

All experiments were performed on an Araca APD-800 300 mm polisher and 

tribometer. The apparatus is described in detail elsewhere (http://www.aracainc.com/- 

products/apd-800; Meled 2011). To avoid having any fluorescence that may be emitted 

by the pad itself, an embossed 31-inch Politex REG black pad (manufactured by Dow 

Electronic Materials) with an approximate average groove depth of 0.44 mm was used 

(http://www.eminess.com/documents/PolitexSPM3100OPC6350.pdf). This pad, being 

black in color, does not emit any fluorescence when excited by UV light. The retaining 

ring (manufactured by Entegris, Inc.) was made of polyetheretherketone (PEEK). It had 

18 equidistant 3-mm wide parallelogram slanting slots on its contacting surface. Average 

retaining ring slit depth was 3.1 mm. Slurry film thickness at the bow wave was 

measured at two ring pressures (13.1 and 26.2 kPa), two sliding velocities (0.6 and 1.2 

m/s) and two slurry flow rates (150 and 300 ml/min). For a given sliding velocity, the 

angular velocity of the platen and that of the head were matched (i.e. polishing was 

http://www.aracainc.com/-%20products/apd-800
http://www.aracainc.com/-%20products/apd-800
http://www.eminess.com/documents/PolitexSPM3100OPC6350.pdf
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performed in a synchronous manner where both the platen and the head were rotating at 

the same angular velocity counter clockwise). 

Before taking any images, the pad was conditioned using a 3M PB32A brush 

conditioner for 30 minutes with deionized water at a conditioning force of 13.3 N. Then a 

5 minute pad break-in with slurry was performed. In all experiments, pad conditioning 

was performed in-situ. This resulted in an approximate average asperity height of 0.38 

mm (http://www.eminess.com/documents/PolitexSPM3100OPC6350.pdf). The slurry for 

the experiments consisted of 1 volume part of Fujimi PL-7103 slurry, 4 volume parts of 

deionized water and 0.5 g/L of 4-methyl-umbelliferone. Since the experimental results 

are very sensitive to the amount of dye in the slurry, all of the experiments were carried 

out using the same batch of slurry and in the shortest amount of time. 

Slurry film thickness at the bow wave was captured and analyzed using a UVIZ-

100 system (Liao et al. 2010). Ultraviolet (UV) light from two light emitting diodes 

(LEDs) was projected onto the bow wave area. The dye used in the fluid film thickness 

measurements is sensitive to photo-degradation if exposed to light for more than an hour 

(Lu et al. 2004). Therefore, experiments were carried out in the dark without any light 

source except for our controlled UV illumination system. As the slurry was tagged with a 

fluorescent dye (i.e. 4-methyl-umbelliferone), the UV light excited the slurry and caused 

it to fluoresce. The intensity of the emitted fluorescence was proportionate to the 

thickness of the slurry film. A high resolution (1620 × 1220 pixels) charged coupled 

device camera was employed to record the emission of fluorescent light on the bow wave 

area with a shutter speed of 0.02 second and an image acquisition frequency of 5 Hz. As 

http://www.eminess.com/documents/PolitexSPM3100OPC6350.pdf
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such, 50 images were taken during 10 second period of each polishing condition. The 

images were then analyzed via a customized software written in National Instruments 

LabVIEW program. 

Bow wave was formed at the leading edge of the retaining ring during polishing. 

The bow wave thickness measurement result depends on the size of the cropped window 

since both the sum and average bow wave thickness would change with the size of the 

window for a given image. To fairly compare the bow wave slurry thickness between the 

two slurry application/injection schemes, the same retaining ring bow wave area was 

chosen, and all of the images were cropped in the same window size, at the same position 

of the retaining ring bow wave area in this study. 
 

 

8.3 Image Analysis Procedures 

Figure 8.2a is a typical raw image captured by the UVIZ-100 system with the top 

black area representing the carrier head, the middle bright area representing the retaining 

ring bow wave area and the bottom part representing the pad region. Each raw image was 

then converted to a gray-scale image (Figure 8.2b) and cropped to contain only the bow 

wave area (Figure 8.2c). The average brightness of the cropped gray-scale image was 

obtained via brightness quantification. An example of cropped image brightness analysis 

procedure is shown in Figures. 8.3a and b. Figures 8.3a and b are collected at a sliding 

velocity of 0.6 m/s. Figure 8.3a shows the summation of all pixels in the bow wave area 

having a certain brightness value for a single image. By averaging the brightness over all 

of the pixels, the average brightness of one image was calculated. Figure 8.3b shows the 
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average brightness of all 50 images collected under a certain polishing condition. Based 

on Figure 8.3b, the mean brightness and the standard deviation of all 50 images for each 

polishing condition were then calculated. Another example of cropped image brightness 

analysis procedure is shown in Figures. 3c and d at a sliding velocity of 1.2 m/s. Average 

brightness and, hence, the fluid film thickness of Figures. 3b and d show oscillations. The 

observed oscillations loosely correlate with the kinematics of the tool as they increase 

(almost by a factor of 2) when the sliding velocity is doubled. The primary oscillation 

frequencies are approximately 0.8 and 1.4 Hz at sliding velocities of 0.6 and 1.2 m/s, 

respectively. It must be noted that the bow wave is totally dynamic during the experiment 

due to fluid flow and pad/head rotation. As such, the thickness of the bow wave does vary 

with the time.  

Prior to testing, a calibration curve was established to correlate the slurry film 

thickness to the average brightness of grey-scale images. First, a flat Politex pad was 

placed on top of the bottom of a flat container within the camera’s field of view. Next, a 

pipette was used to transfer certain volume of dyed slurry to the container for several 

times. After each transfer, images were taken on the slurry in the container and the 

average brightness of the images was analyzed. 

The slurry film thickness can be expressed as the ratio of the total slurry volume 

accumulated in the container (V), to the bottom area of the container (A). Since both V 

and A are known after each transfer, slurry film thickness can be calculated and a 

relationship between slurry film thickness and image average brightness can be obtained. 

Figure 8.4 is the resulting calibration curve, showing that the average brightness of the 
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gray-scale image (from 0 to 255) was directly correlated with slurry film thickness such 

that the higher the gray-scale brightness, the thicker the slurry film. The nonlinear 

relationship between the slurry thickness and the brightness in Figure 8.4 is due to the 

fact that the fluorescence emitted from the dyed slurry is reabsorbed by the dye before it 

is captured by the camera. When the fluid film becomes thicker and thicker, more re-

absorption occurs thereby producing a weaker fluorescence signal, resulting in relatively 

lower brightness (Gray et al. 2011). 

 

 

Figure 8.2: Image analysis: (a) raw image, (b) grey scale image, and (c) cropped image. 
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(a)                                                              (b) 

 

  

(c)                                                              (d) 

Figure 8.3: Quantifying the brightness: (a) brightness (in A.U.) data of one image at 0.6 

m/s, (b) average brightness (in A.U.) calculation for fifty images at 0.6 m/s having  

primary oscillation frequency of approximately 0.8 Hz, (c) brightness (in A.U.) data of 

one image at 1.2 m/s, and (d) average brightness (in A.U.) calculation for fifty images at 

1.2 m/s having primary oscillation frequency of approximately 1.4 Hz. 
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Using this relationship, for each converted image within a given experiment, 

average slurry film thickness of the bow wave could then be calculated thus allowing 

direct and quantitative comparison of slurry film thickness results between the two slurry 

application/injection methods at different polishing conditions. The accuracy of the 

measurement is approximately ± 0.005 mm. 

 

 

Figure 8.4: Slurry film thickness calibration curve. 

 

8.4 Results and Discussion 

General results and critical channel dimensional analysis.— Figure 8.5 

summarizes the results in terms of average and standard deviation of the measured slurry 

film thickness in the bow wave region. Measured values of slurry film thickness in the 

bow wave range between 0.169 and 0.728 mm. This range of values is significant when 
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compared to the critical dimensions of the pad and the retaining ring which are important 

for purposes of estimating the characteristic minimum channel dimension that the slurry 

encounters as it tries to enter the pad-retaining ring interface. 

At one extreme, as mentioned above, the Politex REG pad has an average asperity 

height of about 0.38 mm. Under compression, this value will certainly be lower. At the 

other extreme, the slit depth of the retaining ring is 3.1 mm. In between these two values 

rests the average depth of the embossed grooves of the Politex REG pad at approximately 

0.44 mm (http://www.eminess.com/documents/PolitexSPM3100OPC6350.pdf). When 

compressed, this value will certainly be lower as well. Depending on the kinematics of 

the platen and the carrier head, the groove pitch, the slit pitch and the pressure exerted by 

the ring on the pad, the critical channel dimension can oscillate lower than 0.38 mm after 

compression (when the pad and ring land areas are in contact) and 3.92 mm (during the 

rare occasions when the slits and the grooves are aligned). Somewhere in between lies the 

critical dimension of lower than 0.82 mm which corresponds to occasions when the pad 

grooves travel underneath the land areas of the retaining ring. 

 

http://www.eminess.com/documents/PolitexSPM3100OPC6350.pdf


 

 

195 

 

(a) 150 ml/min 

 

(b) 300 ml/min 

Figure 8.5: Effect of slurry delivery method, retaining ring pressure, and sliding velocity 

on average bow wave thickness (P1 = 13.1 kPa, P2 = 26.2 kPa, V1 = 0.6 m/s, V2 = 1.2 

m/s). 
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While a detailed frequency analysis for determining the average critical 

dimension for each of the four ring pressure and sliding velocity combinations is outside 

the scope of this work, it is obvious that the measured bow wave thickness values of 

0.169 to 0.728 mm are between the ranges of critical dimensions noted above. As such, 

we can assume that the availability of the slurry at the bow wave can likely determine 

how much slurry is taken up by the retaining ring and channeled in the pad-retaining ring 

interface. 

By referring once more to Figure 8.5, in 7 out of 8 cases, the novel slurry injector 

results in significantly thicker slurry films in the bow wave region thus indicating that 

slurry availability is improved with the injection system compared to the standard center 

application method. For the novel slurry injection system, slurry is introduced through an 

injector and placed adjacent to the retaining ring. Such a close distance (< 3 cm) between 

the injector and retaining ring (where the bow wave is formed) allows most of the fresh 

slurry to be delivered efficiently to the leading edge of the retaining ring after it is 

injected onto the pad surface. For the standard slurry application method, slurry is applied 

onto the pad center area. As the pad rotates, a large amount of fresh slurry flows directly 

off the pad surface without flowing to the pad-retaining ring interface due to the 

centrifugal forces, resulting in thinner bow waves. 

 

Effect of sliding velocity.— Regardless of the slurry application or injection 

scheme, since polishing is performed synchronously (i.e. angular velocities of the platen 

and the head were equal to one another), higher sliding velocities mean higher platen, and 
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equally higher, carrier head velocities. As such, at 1.2 m/s, more splashing of the slurry at 

the bow wave is observed due to the faster rotation of the carrier. This causes the slurry to 

move towards the edge of the pad, thereby reducing the available volume of the slurry at 

the bow wave.  For the standard center application, slurry film thickness reduces by an 

average of 42 percent at the higher sliding speed. In the case of the novel injector, the 

reduction in slurry film thickness is 46 percent. 

 

Effect of retaining ring pressure.— Regardless of the slurry application or 

injection scheme, when pressure is increased from 13.1 to 26.2 kPa, average bow wave 

thickness increases significantly. It is well known that higher pressures exerted on the pad, 

by the retaining ring, compress the pad and decrease the average size of the pores, thus 

yielding a higher tortuosity in the wafer-pad interface. This retards slurry flow in highly 

constrained regions (i.e pad-retaining ring interface). Increased tortuosity decreases the 

slurry film thickness between the retaining ring and the pad, thus causing slurry to get 

backed up in the bow wave region. At lower pressures, slurry is not as much ‘squeezed 

out’ of the pad-retaining ring interface. This relative ease of flow causes the bow wave 

thickness to drop. For the standard center application, slurry film thickness increases by 

an average of 31 percent at the higher ring pressure. In the case of the novel injector, the 

rise in slurry film thickness is 16 percent. 

 

Effect of slurry flow rate.— At 150 ml/min, the increase in slurry film thickness in 

the bow wave region due to the novel injection system ranges between 38 and 104 
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percent with an average value of 67 percent. At the higher flow rate, the increase in slurry 

film thickness in the bow wave region due to the novel injection system ranges between 3 

and 53 percent with an average value of 23 percent. 

For the slurry injection system, increasing the flow rate from 150 to 300 ml/min 

causes the average slurry film thickness to increase by 44 percent. On the other hand, for 

the standard slurry application method, increasing the flow rate from 150 to 300 ml/min 

results in an average slurry thickness increase of 97 percent. The much lower percent 

increase in slurry film thickness associated with the novel slurry injection method 

indicates that the injection system is less sensitive to the slurry flow rate, providing a 

more robust process. 

 

Estimation of slurry savings.— The availability of the slurry at the bow wave 

indicates the effectiveness in delivering slurry to the leading edge of a retaining ring. 

First order calculations (i.e. simple linear interpolations between pairs of measured values) 

indicate the following estimates of slurry savings associated with the novel slurry 

injection system: 

At 0.6 m/s and 13.1 kPa, the same slurry bow wave thickness can be achieved 

with only 198 ml/min using the novel slurry injection method, compared to 300 ml/min 

using the standard application method. This translates to potential slurry savings of 34 

percent. When pressure is doubled, slurry savings of about 8 percent are realized.  At 1.2 

m/s and 13.1 kPa, the same slurry bow wave thickness can be achieved with 157 ml/min 

using the novel slurry injection method, compared to 300 ml/min using the standard 
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application method: a savings of 48 percent in slurry consumption. At 26.2 kPa, slurry 

savings with the injector is approximately 20 percent. 

    

8.5 Conclusions 

In this study, the effects of slurry application/injection schemes on slurry 

availability during chemical mechanical planarization were investigated. A new 

ultraviolet enhanced fluorescence system was developed and used to measure the slurry 

film thickness at the retaining ring bow wave for two methods of slurry 

application/injection (standard pad center area application method and novel slurry 

injection system). For the standard pad center area application method, slurry was 

directly applied onto the pad center area and a large amount of fresh slurry flew directly 

off the pad surface without flowing to the pad-retaining ring interface due to the 

centrifugal forces. For the novel slurry injection system, slurry was introduced through an 

injector that was placed adjacent (< 3 cm) to the retaining ring on the pad surface. Such a 

close distance between the injector and retaining ring allowed most of the fresh slurry to 

be delivered efficiently to the leading edge of the retaining ring after it was injected onto 

the pad surface. Results showed that the novel slurry injection system generated 

consistently thicker bow waves (up to 104 percent) at different sliding velocities, slurry 

flow rates and ring pressures, therefore providing more slurry availability for the pad-

retaining ring interface and potentials for slurry consumption reduction in CMP 

processes. First order calculations yielded estimates of slurry savings associated with the 
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novel slurry injection system ranging between 8 and 48 percent depending on specific 

process conditions. 
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CHAPTER 9 

EFFECT OF RETAINING RING SLOT DESIGNS AND POLISHING 

CONDITIONS ON SLURRY FLOW DYNAMICS AT BOW WAVE
*
 

 

In this Chapter, the effect of retaining ring slot design and polishing conditions on 

slurry flow dynamics at the bow wave was investigated. An ultraviolet enhanced 

fluorescence technique was employed to measure the slurry film thickness at the bow 

wave for two polyetheretherketone (PEEK) retaining rings with different slot designs. 

Multiple sliding velocities, slurry flow rates and ring pressures were investigated. Results 

showed that the retaining ring with the sharp angle slot design (PEEK-1) generated 

significantly thicker slurry films at the bow wave than PEEK-2 which had a rounded 

angle slot design. For PEEK-1, film thickness at the bow wave increased with the 

increasing of flow rate and ring pressure and decreased with the increasing of sliding 

velocity. On the other hand, film thickness at bow wave did not change significantly for 

the PEEK-2 ring at different polishing conditions indicating an apparent robustness of the 

PEEK-2 design to various operating conditions. With retaining rings having different 

designs, and all else being the same, a thinner bow wave was preferred since it was 

indicative of a ring design that allowed more slurry to flow into the pad-wafer interface. 

Therefore, the work underscored the importance of optimizing retaining ring slot design 

and polishing conditions for efficient slurry utilization. 

 

 

*
 X. Liao, Y. Sampurno, Y. Zhuang, A. Rice, F. Sudargho, A. Philipossian, and C. Wargo, Microelectron. 

Eng., 98, 70-73 (2012). 
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9.1 Introduction 

As one of the major consumables in Chemical mechanical planarization (CMP) 

processes, slurry accounts for as much as 45 percent of the total cost of ownership (COO) 

(Holland et al. 2002). However, most of the slurry is discharged to the waste stream by 

centrifugal forces before reaching the wafer, thus resulting in lower slurry utilization 

efficiency, only in the range of 2 - 25 percent (Yeomans et al. 2008). Therefore, 

understanding and optimizing the process parameters, which will lead to more efficient 

slurry utilization, will not only reduce COO, but also decrease the potential 

environmental burden generated by the wasted slurry. 

Retaining rings have been widely used in CMP processes. While retaining rings 

are mainly used to secure the wafer during polishing, they also improve removal rate 

within-wafer-non-uniformity (WIWNU) and facilitate slurry transport into the pad-wafer 

interface through a plurality of slots on their contacting surface. In the previous study of 

our research team (Wei et al. 2010), the slurry film thickness between an optically 

transparent quartz wafer and pad was successfully measured for two different retaining 

rings on a 200-mm polisher (designed for research and development) using dual emission 

ultraviolet enhanced fluorescence (DEUVEF) technique. The results showed that the 

retaining ring slot design had significant impacts on the slurry flow between the pad-

wafer interface. For a high volume manufacturing commercial CMP tool, the slurry film 

thickness between a wafer and pad cannot be directly measured as the wafer and wafer 

carrier assembly are non-transparent. However, the bow wave formed around the 

retaining ring can be easily observed. Slurry has to enter the bow wave area at the leading 
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edge of the wafer before flowing into the pad-wafer interface. Based on the several video 

clips obtained in the previous work (Philipossian et al. 2008), the slurry film thickness in 

the pad-wafer interface and the bow wave thickness were qualitatively correlated: thicker 

bow waves were associated with thinner slurry films in the pad-wafer interface and 

thinner bow waves corresponded to thicker slurry films in the pad-wafer interface. In this 

study, an ultraviolet enhanced fluorescence technique is used to measure the slurry film 

thickness at bow wave (Liao et al. 2012) for two retaining rings with different slot 

designs and determine whether various retaining ring slot designs and polishing 

conditions such as sliding velocity, ring pressure and slurry flow rate can affect slurry 

utilization, by controlling the amount of slurry that is transported to the bow wave area 

and then facilitating the slurry flow into the pad-wafer interface. 

 

9.2 Experimental Setup and Conditions 

All experiments were performed on an Araca APD-800 polisher and tribometer. 

Detailed description of the apparatus can be found elsewhere (www.aracainc.com/pro-

ducts/apd-800). The pad used in this study was an embossed 31-inch Politex REG black 

pad (manufactured by Dow Electronic Materials) with an average groove depth of 0.44 

mm (www.eminess.com/documents/PolitexSPM3100OPC6350.pdf). Being black in 

color, this pad itself does not emit any fluorescence when excited by UV light. Two 

polyetheretherketone (PEEK) retaining rings with different slot designs (manufactured by 

Entegris, Inc.) were tested on the pad. As shown in Figure 9.1, the first retaining ring 

with a sharp angle slot design was referred to as the PEEK-1, and the second one with a 

http://www.aracainc.com/pro-ducts/apd-800
http://www.aracainc.com/pro-ducts/apd-800
http://www.eminess.com/documents/PolitexSPM3100OPC6350.pdf
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rounded angle slot design was referred to as PEEK-2 retaining ring. Both rings had 18 

equidistant 3-mm wide parallelogram slanting slots on their contacting surface and the 

average slit depth was 3.1 mm. For each retaining ring, the slurry film thickness at bow 

wave was measured at two ring pressures (13.1 and 26.2 kPa), two sliding velocities (0.6 

and 1.2 m/s) and two slurry flow rates (150 and 300 ml/min). It must be noted that, for a 

given sliding velocity, the angular velocity of the pad and that of the retaining ring were 

matched (i.e. polishing was performed in a synchronous manner where both the pad and 

the retaining ring were rotating at the same angular velocity).  

 

 

    (a) PEEK-1                                              (b) PEEK-2 

Figure 9.1: Retaining rings with (a) sharp and (b) rounded angle slot designs. 

 

Before taking any bow wave images, the pad was conditioned using a 3M PB32A 

brush conditioner for 30 minutes with deionized (DI) water at a conditioning force of 

13.3 N and followed with 5 min break-in using dyed slurry to saturate the pad. Pad 
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conditioning was performed in-situ during all of the experiments, and the resulting pad 

average asperity height was around 0.38 mm (www.eminess.com/documents/Politex-

SPM3100OPC6350.pdf). The slurry for the experiments consisted of 1 volume part of 

Fujimi PL-7103 slurry, 4 volume parts of DI water and 0.5 g/L of 4-methyl-

umbelliferone (coumarin). All of the experiments were carried out with the same batch of 

slurry due to the fact that the experiment results are very sensitive to the amount of dye in 

the slurry.  

Slurry film thickness at the bow wave was analyzed using a UVIZ-100 system 

(Liao et al. 2012; Liao et al. 2010). The experimental setup is shown in Figure 9.2. 

Ultraviolet (UV) light was projected onto the bow wave area. After excited by the UV 

light, the slurry tagged with a fluorescent dye will fluoresce and the fluorescent light was 

then captured by a high resolution charged coupled device camera. Since the intensity of 

the emitted fluorescence was proportionate to the thickness of the slurry film, the relative 

thickness of the slurry film can be evaluated through the analysis of the captured images. 

50 images were captured during a 10 s period of test at each polishing condition. The 

images were then analyzed via a customized software written in LabVIEW. To fairly 

comparable the bow wave slurry thickness between the two retaining rings, all the images 

were firstly cropped to the same position of the bow wave area and then converted to 

grey-scale images. Next, the average brightness and the standard deviation of all 50 

converted grey-scale images were analyzed via a brightness quantification process. 

Before the test, a calibration curve was established to correlate the slurry film thickness 

with the average brightness. Using this calibration curve, the average slurry film 

http://www.eminess.com/documents/Politex-SPM3100OPC6350.pdf
http://www.eminess.com/documents/Politex-SPM3100OPC6350.pdf
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thickness at the bow wave was quantified and compared between the two retaining rings 

under different polishing conditions. The above image taken, image analysis, and 

calibration procedures has been described in detail elsewhere (Liao et al. 2012). 

 

 

Figure 9.2: Experimental setup on an Araca APD-800 polisher. 

 

9.3 Results and Discussion 

9.3.1. Effect of Retaining Ring Slot Design 

Figure 9.3 shows the bow wave average slurry film thickness comparison between 

the two retaining rings at different polishing conditions. For each retaining ring, two 

pad/retaining ring sliding velocities, 0.6 and 1.2 m/s, two retaining ring pressures, 13.1 

Camera UV Lights

Politex Pad Retaining Ring

Carrier HeadCamera UV Lights

Politex Pad Retaining Ring

Carrier Head
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and 26.2 kPa and two slurry flow rates, 150 and 300 ml/min, are used. In all cases, the 

error bars represent the standard deviation of the fifty bow wave images taken at each 

polishing condition. Figure 9.3 shows that at the same polishing conditions, the bow 

wave slurry film thickness of PEEK-1 (having sharp angle slots) is on average 48 percent 

higher than that of PEEK-2 (with rounded angle slots). In a previous study (5), the bow 

wave thickness was found to be qualitatively correlated with the slurry film thickness in 

the pad-wafer interface: thicker bow waves were associated with thinner slurry films in 

the pad-wafer interface. Conversely, in cases where the bow wave was thinner, a greater 

amount of slurry was observed in the pad-wafer interface. In general, the above 

observation is a simple matter of conservation of mass; since for a fixed polishing 

condition, more slurry getting backed up in the bow wave means less slurry is available 

in the pad-wafer interface, and vice versa. The consistently thinner bow wave associated 

with PEEK-2 suggests that its rounded angle slots facilitate slurry transport in the pad-

wafer interface, thereby achieving higher slurry utilization efficiency than the sharp angle 

slot design retaining ring. 
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Figure 9.3: Effect of retaining ring slot design on average bow wave thickness. (P1 = 13.1 

kPa, P2 = 26.2 kPa, V1 = 0.6 m/s, V2 = 1.2 m/s, Q1 = 150 ml/min, Q2 = 300 ml/min) 

 

9.3.2 Effect of Sliding Velocity 

Figure 9.4 shows the effect of sliding velocity on the average bow wave thickness 

for the two ring designs. The graph on the left corresponds to PEEK-1 and the one on the 

right corresponds to PEEK-2. For PEEK-1, the average bow wave thicknesses measured 

at 0.6 m/s are always higher than their 1.2 m/s counterparts. Given the fact that polishing 

was done synchronously (i.e. angular velocities of the pad and the retaining ring were 

equal to one another), higher sliding velocities meant higher pad and equally higher 

retaining ring velocities. As such, at 1.2 m/s, more splashing of the slurry at the bow 

wave is observed due to the faster rotation of the retaining ring. This causes the slurry to 

move towards the edge of the pad thus reducing the available volume of the slurry at the 

bow wave. Another reason for lower bow wave thickness at the higher sliding velocity is 

due to greater centrifugal forces acting on the slurry as described here: typically, and as 
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the case is here, the slurry is injected onto the center of the pad, where it forms a puddle. 

Because of the rotation of the pad, the slurry then enters the bow wave region at the 

leading edge of the retaining ring, from where some of it flows into the pad-wafer 

interface. Due to the higher centrifugal forces associated with the higher sliding velocity, 

more slurry is drawn away from the central puddle and sent towards the edge of the pad 

before it has an opportunity to enter the bow wave region. Videos taken when the 

DEUVEF technique was used show brighter slurry images at the edge of the pad at the 

higher pad rotational rate (Wei et al. 2010). This confirms that the thicker slurry film is 

formed at the edge of the pad at higher velocities thus resulting in thinner bow waves. On 

the other hand, the average bow wave thickness does not change significantly at different 

retaining ring pressures and slurry flow rates for PEEK-2, exhibiting an apparent 

robustness of the PEEK-2 design to various operating conditions.   
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(a) PEEK-1                                                    

 

(b) PEEK-2 

Figure 9.4: Effect of pad/retaining ring sliding velocity on average bow wave thickness. 

(P1 = 13.1 kPa, P2 = 26.2 kPa, V1 = 0.6 m/s, V2 = 1.2 m/s, Q1 = 150 ml/min, Q2 = 300 

ml/min) 
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9.3.3 Effect of Retaining Ring Pressure 

Figure 9.5 shows the effect of retaining ring pressure on the average bow wave 

thickness for the two retaining rings. For PEEK-1, when the pressure is increased from 

13.1 to 26.2 kPa, the average bow wave thickness increases significantly in 3 of the 4 

cases investigated. It is well known that higher pressures on the pad increase the overall 

tortuosity of the CMP process thus retarding slurry flow in highly constrained regions 

(such as the pad-wafer interface). Increased tortuosity decreases the slurry film thickness 

between the wafer and the pad (Philipossian et al. 2003), thus resulting in larger amounts 

of slurry to be backed up in the bow wave region. At lower pressures, slurry is not as 

much ‘squeezed out’ of the pad-wafer interface. This relative ease of flow causes the bow 

wave thickness to drop. Again, average bow wave thickness does not change significantly 

at different sliding velocities and slurry flow rates for PEEK-2 when the retaining ring 

pressure is increased from 13.1 to 26.2 kPa. This is consistent with the apparent 

robustness of the PEEK-2 design regarding the parameters studied here.  
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(a) PEEK-1 

 

 

(b) PEEK-2 

Figure 9.5: Effect of retaining ring pressure on average bow wave thickness. (P1 = 13.1 

kPa, P2 = 26.2 kPa, V1 = 0.6 m/s, V2 = 1.2 m/s, Q1 = 150 ml/min, Q2 = 300 ml/min) 
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9.3.4 Effect of Slurry Flow Rate 

Figure 9.6 summarizes values of the mean bow wave thickness at two different 

slurry flow rates for the two retaining rings. For PEEK-1, when the slurry flow rate is 

increased from 150 to 300 ml/min, the average bow wave thickness increases 

significantly at different sliding velocities and retaining ring pressures. As the slurry flow 

rate is increased, total flow volume is increased and therefore a thicker slurry film is 

formed on the entire pad surface, including the bow wave region. On the other hand, the 

average bow wave thickness does not change significantly at different sliding velocities 

and pressures for PEEK-2 when the slurry flow rate increases from 150 to 300 ml/min. 

This is consistent with the apparent robustness of the PEEK-2 design regarding the 

parameters studied here.  
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(b) PEEK-2 

Figure 9.6: Effect of slurry flow rate on average bow wave thickness. (P1 = 13.1 kPa, P2 

= 26.2 kPa, V1 = 0.6 m/s, V2 = 1.2 m/s, Q1 = 150 ml/min, Q2 = 300 ml/min) 

 

9.4 Conclusions 

In this study, the effect of retaining ring slot design and polishing conditions on 

the slurry film thickness in the bow wave region was investigated. An ultraviolet 

enhanced fluorescence technique was used to capture images of the retaining ring bow 

wave. A brightness-to-thickness calibration method was used to measure the slurry film 

thickness at bow wave for two PEEK retaining rings with different slot designs. Polishing 

parameters such as sliding velocity, ring pressure and slurry flow rate were varied in 

order to study their effect on the bow wave thickness in combination with the two ring 

designs. Compared with the PEEK-1 retaining ring with the sharp angle slot design, 
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PEEK-2 retaining ring with the rounded angle slot design resulted in significantly thinner 

bow waves. For PEEK-1, the slurry film thickness at the bow wave increased with an 

increase in the slurry flow rate and retaining ring pressure while it decreased with an 

increase in the sliding velocity. In comparison, the PEEK-2 retaining ring provided stable 

bow waves at different sliding velocities, slurry flow rates and ring pressures, thus 

exhibiting an apparent robustness of the PEEK-2 design to various operating conditions. 

When comparing retaining rings with different designs, and all else being the same, a 

thinner bow wave was preferred since it was indicative of a ring design that allowed more 

slurry to flow into the pad-wafer interface. As such, this work underscored the 

importance of optimizing retaining ring slot design and polishing conditions for efficient 

slurry utilization. 
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CHAPTER 10 

CONCLUSIONS AND FUTURE PLANS 

 

10.1 Conclusions 

A series of studies were conducted in this dissertation to study the fundamentals 

of the CMP process, and to provide possible solutions to some of the CMP challenges. 

The primary conclusions of each major study are presented below. 

 

 Effect of Pad Surface Micro-Texture on Copper CMP (Chapter 4): In this 

study, the effect of pad micro-texture on COF and removal rate during copper 

CMP was investigated. Two different diamond discs (3M A2810 disc and 

MMC TRD disc) were used to condition a pad on which blanket copper 

wafers were polished. Pad samples were taken after wafer polishing and pad 

surface contact area and topography were analyzed using laser confocal 

microscopy and SEM. The results showed that the two discs generated similar 

pad surface height probability density function and pad surface abruptness. On 

the other hand, the MMC TRD disc generated a lot of large flat near contact 

areas that corresponded to fractured and collapsed pore walls. The fractured 

and collapsed pore walls partly covered the adjacent pores, making the pad 

surface more lubricated during wafer polishing and rendering a significantly 

lower COF and removal rate than the 3M A2810 disc.  
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 Effect of Large Pad Surface Contact Area on Copper CMP (Chapter 5): In 

this study, the individual large pad surface contact area and its effect on 

copper CMP were investigated. The corresponding pad surface structure and 

the pad material mechanical properties were analyzed. Results showed that the 

individual large contact area was induced by collapsed pore walls and loosely 

attached pad debris. Moreover, the simulated Young’s modulus of the pad 

material was very low (50 MPa), indicating that the individual large contact 

area had little contribution to material removal rate. A case study was 

presented to illustrate the role of the individual large contact area in blanket 

copper wafer CMP at the two different conditioning down forces. The results 

confirmed that large contact area had minimum contribution to removal rate 

and indicated that the removal rate was caused by small contact area. 

 

 Effect of Pad Surface Micro-Texture on ILD CMP (Chapter 6): In this study, 

the effect of pad surface micro-texture during oxide CMP process at two 

different conditioning forces was investigated. Results showed that oxide 

removal rate increased significantly while COF increased only slightly with 

increase in conditioning force. Pad surface micro-texture analysis was 

performed to analyze pad surface abruptness and contact area. While the two 

conditioning forces generated similar pad surface abruptness, pad surface 

contact area decreased significantly with increase in conditioning force. Such 

dramatic decrease in pad surface contact area led to a significant increase in 
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local contact pressure and therefore resulted in a significant increase in oxide 

removal rate. The oxide removal rate and local contact pressure exhibited a 

Prestonian relationship.  

 

 Effect of Pad Surface Micro-Texture on STI CMP (Chapter 7): In this study, 

the effect of pad surface micro-texture on dishing and erosion during STI 

CMP was investigated for two different types of conditioning discs (i.e. 3M 

A2810 disc and MMC TRD disc). For each disc, a pad sample was taken after 

patterned wafer polishing and the pad surface topography was analyzed using 

a laser confocal microscopy. Polishing results showed that the two discs 

generated similar blanket wafer removal rate, while the MMC TRD disc 

generated significantly higher dishing and erosion than the 3M A2810 disc 

during patterned wafer polishing. Results of pad surface micro-texture 

analysis showed that the MMC TRD disc generated sharper asperities with 

higher mean pad summit curvature than the 3M A2810 disc. The sharper pad 

asperities tend to penetrate into the recessed areas on the wafer, resulting in 

higher dishing and erosion. Therefore, the mean pad summit curvature was the 

dominant factor that caused the significantly higher dishing and erosion for 

the MMC TRD disc in this study.  

 

 Optimizing Slurry Availability during CMP (Chapter 8): In this study, the 

effect of slurry application/injection schemes on slurry availability during 
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CMP was investigated. A new ultraviolet enhanced fluorescence system was 

developed and used to measure the slurry film thickness at the retaining ring 

bow wave for two methods of slurry application/injection (standard pad center 

area application method and novel slurry injection system). Results showed 

that the novel slurry injection system generated consistently thicker bow 

waves (up to 104 percent) at different sliding velocities, slurry flow rates and 

ring pressures, therefore providing more slurry availability for the pad-

retaining ring interface and potentials for slurry consumption reduction in 

CMP processes. Slurry savings associated with the novel slurry injection 

system was estimated to range between 8 and 48 percent depending on 

specific process conditions. 

 

 Optimizing Retaining Ring Slot Designs during CMP (Chapter 9): In this 

study, the effect of retaining ring slot design and polishing conditions on the 

slurry film thickness in the bow wave region was investigated. An ultraviolet 

enhanced fluorescence technique was used to measure the slurry film 

thickness at the bow wave for two PEEK retaining rings with different slot 

designs. Polishing parameters such as sliding velocity, ring pressure and slurry 

flow rate were varied in order to study their effect on the bow wave thickness 

in combination with the two ring designs. Results showed that the retaining 

ring with the sharp angle slot design (PEEK-1) generated significantly thicker 

slurry films at the bow wave than PEEK-2 which had a rounded angle slot 
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design. For PEEK-1, film thickness at the bow wave increased with the 

increasing of flow rate and ring pressure and decreased with the increasing of 

sliding velocity. On the other hand, film thickness at the bow wave did not 

change significantly for the PEEK-2 ring at different polishing conditions 

indicating an apparent robustness of the PEEK-2 design to various operating 

conditions. With retaining rings having different designs, and all else being 

the same, a thinner bow wave was preferred since it was indicative of a ring 

design that allowed more slurry to flow into the pad-wafer interface. As such, 

this work underscored the importance of optimizing retaining ring slot design 

and polishing conditions for efficient slurry utilization. 

 

10.2 Future Plans 

Considering the variety of work conducted in this dissertation, several future 

studies are proposed.  

 

 Effect of Pad Surface Micro-Texture on Blanket Wafer Polishing 

Performance: In this dissertation (Chapters 4, 5 and 6), the effect of pad 

surface micro-texture on blanket wafer polishing performance was 

investigated. In Chapter 4, the effect of the pad surface abruptness and near 

contact area on COF and removal rate during copper planarization was 

investigated. Results showed that the pad surface near contact area made the 

pad surface more lubricated and rendered a significantly lower COF and 
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copper removal rate. In Chapter 5, the individual large pad surface contact 

area and its impact on copper CMP were investigated. Results showed that the 

large contact area had minimum contribution to removal rate. In Chapter 6, 

the effect of the pad surface abruptness and contact area on oxide removal rate 

during ILD CMP was investigated. Results showed that lower pad surface 

contact area led to higher oxide removal rate. Besides removal rate, other 

major process performance parameters include planarization efficiency, 

defect, within-wafer removal rate uniformity, and so on. It is also important to 

investigate the effect of the above pad surface micro-texture on these process 

performance parameters. 

 

 Effect of Pad Surface Contact Area on Patterned Wafer Polishing 

Performance: In this dissertation (Chapters 4, 5 and 6), the effect of the pad 

surface contact area on blanket wafer polishing performance was investigated. 

In these studies, the pad surface contact area was measured using the confocal 

microscopy. A customized confocal pad sample holder was invented and a 

sapphire window was selected to work as a “wafer”. Since the sapphire 

window is flat, it is only used to measure the contact area between the blanket 

wafer and pad surface. A patterned sapphire window can be developed to 

simulate a patterned wafer. Similar to the studies in Chapters 4, 5 and 6 of this 

dissertation, the polishing performance during patterned wafer polishing 
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should be explained with the contact area measured on patterned sapphire 

window.   

 

 Incorporation of the Ultraviolet-Enhanced Fluorescence System for 

Fundamental Characterization of CMP Process: The ultraviolet enhanced 

fluorescence system was developed and used to measure the slurry film 

thickness at the retaining ring bow wave, as discussed in Chapters 8 and 9. 

This technique can also be applied to the study of other aspects of CMP 

process. A possible application of this technique is to measure the slurry film 

thickness at other interested areas of the pad surface and obtain the slurry film 

thickness distribution (for instance, the disc bow wave). This study could be 

beneficial for fundamental characterization of CMP process. Additionally, in 

these studies discussed in Chapters 8 and 9, the bow wave slurry thicknesses 

have been compared between the two slurry application/injection schemes as 

well as between two different retaining ring slot designs under various 

polishing conditions. It should be noted that, no wafer was attached to the 

retaining ring during polishing during these experiments. As such, the slurry 

savings were estimated base on first order calculation. It is also important to 

perform similar studies during actual wafer polishing process. The 

relationship between the bow wave slurry thicknesses and material removal 

rate can then be developed. Therefore, slurry savings associated with slurry 

application/injection schemes and retaining ring slot designs under various 
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polishing conditions can be evaluated more accurately based on this 

relationship. 
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