INTERNATIONAL
TECHNOLOGY ROADMAP
FOR
SEMICONDUCTORS

2006 UPDATE

OVERVIEW
AND
WORKING GROUP SUMMARIES

Jointly Sponsored
by
European Semiconductor Industry Association
Japan Electronics and Information Technology Industries Association
Korea Semiconductor Industry Association

Taiwan Semiconductor Industry Association

Semiconductor Industry Association









ACKNOWLEDGMENTS

INTERNATIONAL ROADMAP COMMITTEE

@®Europe—Wolfgang Arden, Patrick Cogez, Mart Graef
®Japan—Hidemi Ishiuchi, Toshihiko Osada
®Korea—Joo-Tae Moon, Hyun-Chul Sohn

& Taiwan—Mong-Song Liang, Chen-Hsi Lin, C.Y. Lu
©U.S.A.—Pushkar Apte, Bob Doering, Paolo Gargini

TECHNOLOGY WORKING GROUP KEY CONTRIBUTORS

Cross TWG Study Group—Alan Allan, Bill Bottoms, Jeff Butterbaugh, Juanantonio Carballo, Chris Case, Bob Doering,
Denis Fandel, Scott Hector, Margaret Huang, Raj Jammy, Mani Janakiram, Andrew Kahng, Michael Lercel, Dilip Patel,
Lothar Pfitzner, Mike Rodgers, Shizuo Sawada, Luan C. Tran, Linda Wilson, Peter Zeitzoff

System Drivers and Design—Satoshi Akui, Ken Albin, Martin Anderson, Kanji Aoki, Larry Arledge, Yoshimi Asada,
Kenji Asai, Woo-Hyun Baek, Bob Bentley, Kerry Bernstein, Valeria Bertacco, David Blaauw, Shawn Blanton,
Ralf Brederlow, Mike Briere, Ben Brown, Ken Butler, Juan-Antonio Carballo, Mi-Chang Chang, C. Chen,
Liang-Gee Chen, Young-Jung Choi, John Cohn, Don Cottrell, John Darringer, Hugo de Man, Stephane Donnay,
Wolfgang Ecker, Dale Edwards, Yoshiharu Furui, Shinji Furuno, Jim Garrison, Sudhir Gowda, Carlo Guardiani,
Hosam Haggag, Tamotsu Hiwatashi, Kelly A. Hopmeier, Mark Hsieh, Koichiro Ishibashi, Shih-Jie Jou, William Joyner,
Andrew Kahng, Masaru Kakimoto, Haruhisa Kashiwagi, Stan Kaveckis, Jamil Kawa, Chang Kim, Chang-Hyun Kim,
Jae-Suk Kim, Chi-Hau Kong, Victor Kravets, Dennis Lau, Seok-Joong Lee, C.C. Lee, Tsung-Hsien Lin, Gin-Kou Ma,
Vinod Malhotra, Martin Margala, Grant Martin, Kazuya Masu, Masami Matsuzaki, Sury Maturi, Don McMillan,
Anne Meixner, Y.N.Mo, Mamoru Mukuno, Sharon Murray, Sani Nassif, Tomoji Nukiyama, Isao Okada,
Nobuhiro Okano, Nobuto Ono, Sule Ozev, David Pan, Vijay Pitchumany, Carl Pixley, Daniel Purdy, John Rawlins,
Bill Read, Kevin Redmond, John Rockway, Michael Rodgers, Wolfgang Rosenstiel, Toshitada Saito, Karem Sakallah,
Joseph Sauerer, Jean-Pierre Schoellkopf, Peter Schwarz, Yahiro Shiotsuki, Gary Smith, Mani Soma, Leon Stok,
Mikio Sumitani, Robert Taft, Tah-Kang Ting, Ryoichi Tomishige, Hiroki Tomoshige, Tadao Toyoda, Kunio Uchiyama,
Maarten Vertregt, Piet Wambaq, Lawrence K Whitcomb, Jim Wieser, Bruce Wile, Alfred Wong, Ching-San Wu,
Akihiro Yamada, Ichiro Yamamoto, David Yeh

Test and Test Equipment—Joel Amtsfield, Ken-ichi Anzou, Davide Appello, Dave Armstrong, Roger Barth,
Mike Bienek, Scott Buckner, Phil Burlison, Yi Cai, Calvin Cheung, Steve Comen, Jack Courtney, Rudy Garcia,
Anne Gattiker, Larry Gilg, Atul Goel, Koji Isodono, Michio Maekawa, Peter Maxwell, Dan Meyer, Yamazaki Mitsuo,
Peter Muhmenthaler, Phil Nigh, Yasumasa Nishimura, Kazuya Noguchi, Bill Ortner, Bill Price, Rochit Rajsuman,
Paul Roddy, Mike Rodgers, Jose Santiago, Yasuo Sato, Yasuo Sato, Ulrich Schoettmer, Rene Segers, Lee Song,
Masanori Ushikubo, Jody Van Horn, Robertvan Rijsinge, Hitoshi Watanabe, Burnie West, Tom Williams,
Erik Volkerink, Mitsuo Yamazaki, Yervant Zorian

Process Integration, Devices, and Structures—Yasushi Akasaka, Joe E. Brewer, C.P. Chao, Travis Chao, Osbert Cheng,
S. C. Chien, James Chung, Simon Deleonibus, Theodore A. (Ted) Dellin, Carlos Diaz, Samuel K.H. Fung, J.C. Guo,
Toshiro Hiramoto, Digh Hisamoto,  Atsushi Hori, Ken Hsiech, @W.Y. Hsich, Margaret Huang, Jim Hutchby,
Sung-Bo Hwang, JiroIda, Kiyotaka Imai, Young-Phil Kim, Tzu-Jae King, Dae-Hong Ko, Sang-Don Lee,
Chia Wen Liang, Glen Lin, Y.T. Lin, Rich Liu, S.L. Lung, Mike Ma, Y.J. Mii, Naoki Nagashima, Takashi Nakamura,
Tak H. Ning, Hidekazu Oda, Dong-Keun Park, Mark Rodder, Shizuo Sawada, Klaus Schruefer, Yee-Chaung See,
Tae-Wook Seo,  Kentaro Shibahara, = Hun-Jong Shin,  Riichiro Shirota, = Thomas Skotnicki, = Toshihiro Sugii,
Yoshitaka Tadaki, Shuichi Tahara, Shinichi Takagi, Denny Tang, Luan C.Tran, Cheng taung Tsai, MJ Tsai,
Ting S. Wang, Jason Woo, Chien Wu, Chung-Cheng Wu, Michael Wu, Qi Xiang, Geoffrey Yeap, Makoto Yoshimi,
Peter Zeitzoff, Bin Zhao

Radio Frequency and Analog/Mixed-signal Technologies for Wireless Communications—Herbert S. Bennett,

Doug Coolbaugh, Julio Costa, Peter E. Cottrell, Stefaan Decoutere, Erwin Hijzen, Digh Hisamoto, W. Margaret Huang,
Anthony A. Immorlica, Snezana Jenei, Jay John, Alvin Joseph, Takahiro Kamei, Tom Kazior, Yukihiro Kiyota, Minh Le,
Sebastian Liau, Jan-Erik Mueller, Hansu Oh, Marco Racanelli, Bernard Sautreuil, Hisashi (Sam) Shichijo, Chuck Weitzel,
Geoffrey Yeap, Peter Zampardi, Bin Zhao, Herbert Zirath, John Zolper



Emerging Research Devices and Materials—Dimitri Antoniadis, Marc Baldo, Karl Berggren, Charles Black,
Dawn Bonnell,  George Bourianoff, = Alex Bratkovski, = Joe Brewer, = John Carruthers, Sang Wook Cheong,
Philippe Coronel, Supriyo Datta, Kristen De Meyer, Erik DeBenedictis, Simon Deleonibus, Alex Demkov, Steve Erwin,
Michael Forshaw,  Christian Gamrat, = Michael Garner,  Bruno Ghyselen,  Jeff Grossman, = Dan Hammerstrom,
Daniel J.C. Herr, Toshiro Hiramoto, Susan Holl, James Hutchby, Berry Jonker, Ted Kamins, Richard Kiehl,
Tsu-Jae King, Gerhard Klimeck, Zoran Krivokapic, Phil Kuekes, Louis Lome, Mark Lundstrom, Kathryn Moler,
David Muller, Rama Muralidhar, Wei-Xin Ni, Tak Ning, Tobias Noll, Yuri Ponomarev, Muralidhar Ramachandran,
Ramamoorthy Ramesh, ~Mark Reed, L. Rafael Reif, Lothar Risch, David A. Roberts, = Vwani Roychowdhury,
John Henry Scott, Sadasivan Shankar, ~Wei-Tsun Shiau, Kentaro Shibahara, Thomas Skotnicki, Morley Stone,
Shinichi Takagi, Tom Theis, Jim Tour, Luan Tran, Rudolf M. Tromp, Ming-Jinn Tsai, Peter Varman, Eric Vogel,
Kang Wang, Rainer Waser, Stan Williams, H.-S. Philip Wong, In Kyeong Yoo, Makoto Yoshimi, Peter Zeitzoff,
Yuegang Zhang, Victor Zhirnov, Igor Zutic

Front End Processes—Khaled Ahmed, Mauro Alessandri, Michael Alles, Olli Anttila, Luis Aparicio, Leo Archer,
Souvik Banerjee, Joel Barnett, Tom Bastein, Twan Bearda, Larry Beckwith, Meredith Beebe, Ivan (Skip) Berry,
Roberto Bez, Frederic Boeuf, Bill Bowers, George Brown, Arifin Budihardjo, Murray Bullis, Mayank T. Bulsara,
Ahmed Busnaina,  Jeff Butterbaugh, = George K. Celler,  Cetin Cetinkaya,  Juanita Chambers, = David Chang,
Kow-Ming Chang, Mark Chang, Tien-Sheng Chao, S. C. Chen, Lisa Cheung, Victor Chia, Albert Chin, Luigi Columbo,
Jeffrey Cross, Michael Current, Tim Dalton, Adrien Danel, Carlos H. Diaz, Anthony (Tony) Dip, Bruce Doris,
Roxanne Dulas, Laszlo Fabry, Jeff Farber, Sue Felch, Graham Fisher, Hideaki Fujiwara, Nobuo Fujiwara, Michael Fury,
Glenn W. Gale, Ernst Gaulhofer, Gabriel Gebara, Hans Gossmann, Dinesh C. Gupta, Qingyuan Han, Dick Hockett,
Andrew Hoff, Harry Hovel, Daniel Huang, J. M. Huang, Ru Huang, Tiao-Yuan Huang, Howard Huff, Bill Hughes,
Makarem Hussein, Huang-Tsung Hwang, Yoshikazu Ibara, Raj Jammy, Simon Jang, Bob Johnston,
Mototaka Kamoshida, Ho-Kyu Kang, Sien Kang, Seiichiro Kawamura, Bruce Kellerman, Yung Kim, Brian Kirkpatrick,
Hiroshi Kitajima, Martin Knotter, Mitsuo Kohno, Daniel Koos, Tom Kropewnicki, Alex Ku, Michitaka Kubota,
Paul Langer, Larry Larson, Jeff Lauerhaas, Jeong-Gun Lee, Kun-Tack Lee, Lurng-Sheng Lee, Tan-Fu Lei, Meikei Leong,
Didier Levy, Kuan Liao, Tom Lii, Hong Lin, Wen Lin, Jerry Liu, Shih-hsin Lo, Don McCormack, Tom McKenna,
Doug Meyer, Fred Meyer, Michihiko Mifuji, Ichiro Mizushima, Stephane Monfray, Jim Moreland, Paul Morgan,
Naim Moumen, Wolfgang Mueller, Anthony Muscat, Dave Myers, Toshio Nagata, Toufic Najia, Toshiro Nakanishi,
Sadao Nakashima, Yasuo Nara, Masaaki Niwa, Faran Nouri, Helmut Oefner, Atsushi Ogura, Toshihide Ohgata,
Carl Osburn, Jin-Goo Park, Friedrich Passek, Shiesen Peng, Eric Persson, Darryl Peters, Gerd Pfeiffer, Francesco Pipia,
Noel Poduje, Jagdish Prasad, Krishnaswamy Ramkumar, K. V. Ravi, Rick Reidy, Karen Reinhardt, Hwa Sung Rhee,
Jae-Sung Roh, Ed Rutter, Akira Sakai, Pete Sandow, Thomas Schwarze, Tom Seidel, Archita Sengupta, Hwa-il Seo,
Giorgio Servalli, Jim Shen, Hyun-Soo Shin, Stephen Silverman, Greg Smith, Jong-Won Sohn, Chris Sparks,
Bob Standley, Chris Stapelmann, Jack Thomas, Carl Treadwell, Hong-Hsiang Tsai, HsingHuang Tseng, Bing-Yue Tsui,
Hidetsugu Uchida, Steven Verhaverbeke, Peter Wagner, Hitoshi Wakabayashi, Mike Walden, Masaharu Watanabe,
Neil Weaver, Susanne Weizbauer, Jeff Wetzel, Ted White, Rick Wise, S. G. Wuu

Lithography—Hiroshi Arimoto, Emanuele Baracchi, R. K. Chen, T. Y. Chen, John Cheng, Han-Ku Cho, Jae-Sung Choi,
Jin-Young Choi, Ron Chu, Kevin Cummings, Ted Fedynyshyn, Gene Fuller, Reiner Garreis, Janice Golda,
George Gomba, Maureen Hanratty, [samu Hanyu, Naoya Hayashi, Scott Hector, Dan Herr, Iwao Higashikawa, B. Y. Hsu,
Jerry Huang, J.R. Hwang, Rainer Kaesmaier, Masaomi Kameyama, S.H.Kau, Yoshio Kawai, Hyeong-Soo Kim,
Y. C.Ku, H.C. Kuo, Keishiro Kurihara, Harry Levinson, Benjamin Lin, BurnJ. Lin, C. H. Lin, J. T. Lin, John Lin,
Scott Mackay, Susumu Mori, Shigeru Moriya, Shinji Okazaki, Yoshimitsu Okuda, Se-Jin Park, Cristophe Pierrat,
S.Y.Po, Sergei Postnikov, Connie Reed, Yves Rody, Morde Rothschild, Masaru Sasago, Muturu Sato, Phil Seidel,
C. L. Shih, Kazuyuki Suko, Takashi Taguchi, Yoichi Takehana, Rebecca Tang, Tsuneo Terasawa, Walt Trybula,
H. C. Tsai, Takayuki Uchiyama, Gerd Unger, Mauro Vasconi, Keiji Wada, Ulrich Wagemann, C. M. Wang,
Lon A. Wang, M. H. Wang, Phil Ware, Marco Wieland, John Wiesner, Grant Willson, Masaki Yamabe, Yuichi Yamada,
Atsuko Yamaguchi, Tadayuki Yamaguchi, Tetsuo Yamaguchi, Thomas Zell, Larry Zurbrick

Interconnect—Nobuo Aoi, Lucile Arnaud, Hans-Joachim Barth, Ivan Berry, Christopher Case, Kow-Ming Chang,
Bau-Tong Dai, Mamoru Endo, Manfred Engelhardt, Alexis Farcy, Paul Feeney, Akira Fukunaga, Bob Geffken,
Marilyn Glendenning, Narishi Gonohe, Dirk Gravesteijn, Harold Hosack, Calvin Hsueh, Calvin Hsueh, Fred Huang,
Masayoshi Imai, =~ Makiko Kageyama,  Si-Bum Kim, = Mauro Kobrinsky, = Noh-Jung Kwak, = Han-Choon Lee,
Hyeon-Deok Lee, Hyeon-Dyuck Lee, Gene Li, J.D. Luttmer, Mike Mills, Hiroshi Miyazaki, Ken Monnig, N.S. Nagaraj,
Tomoji Nakamura, Gary Ray, Rick Reidy, Guenther Schindler, Hideki Shibata, Winston Shue, Hyunchul Sohn,
Michele Stucchi, Tony Tsai, Manabu Tsujimura, Kazuyoshi Ueno, David Wu, Osamu Yamazaki, C. H. Yu, Douglas Yu



Factory Integration—Bill Acorn, Mahmoud Aghel, Hiroyuki Akimori, Mike Alianza, Hal Amick, Daniel Babbs,
James Beasley, Vrunda Bhagwat, Josef Bichlmeier, David Bouldin, Ben Bruce, Mike Bufono, Arnold Canales,
Hugo S.C. Chang, Jonathan Chang, Wesley W. H. Chang, Al Chasey, Allan Chen, Thomas Chen, Gilbert Chiang,
Eric Christensen, Kandi Collier, Theron Colvin, Blaine Crandell, Gino Crispieri, Ron Denison, Nick deVries,
Edwin Dobson, Klaus Eberhardt, Patrick Fernandez, Neil Fisher, Len Foster, John Fowler, Terry Francis, Carl Garrison,
Carl Gatzke, Ashwin Ghatalia, Barbara Goldstein, Ken Goldstein, Joseph Gordon, Arieh Greenberg, Abbie Gregg,
Dave Gross, Sven Hahn, Chung Soo Han, David Hanny, Clint Haris, Parris Hawkins, Hararld Heinrich, Martin Heller,
Larry Hennesey, Kirby Hicks, Bob Hodges, Christopher Hofmeister, Michio Honma, George Horn, J.J. Hsu,
Giichi Inoue, Jim Irwin, Junji Iwasaki, Mani Janakiram, Thomas Jefferson, Dave Jones, Melvin Jung, Kazuhiro Kakizaki,
Franklin Kalk, Frank Kaplan, Atsuhiko Kato, Mike Kegerreis, Shigeru Kobayashi, Shoichi Kodama, Todd Lasater,
In-Kyu Lee, Ray Lee, Ya-Shian Li, Ricky Lin, Samuel Lin, Maggie Liu, Span Lu, Les Marshall, Bill Matsukado,
Bill Miller, Dave Miller,  Akira Mitsui,  Eckhard Miiller, = Charlie Murray, =~ Don Myers, = Hideki Nakajima,
Seiichi Nakazawa, Phil Naughton, Andreas Neuber, Richard Oechsner, Mike Ohalloran, Johnny Osborne, Mikio Otani,
David Palmer, Chel-Soo Park, S. H. Park, Suk-Hee Park, Jeff Pettinato, Dev Pillai, John Plata, Scott Pugh, Adrian Pyke,
Lance Reinke, Lance Rist, Claus Schneider, Mike Schwartz, Steve Seall, Xin Shi, Marlin Shopbell, Arnie Steinman,
Dan Stevens, Peggy Su, Fan Hu Szu, Abol Taghizadeh, Junichi Takeuchi, T.M. Tseng, Brad Van Eck, Joost van Herk,
Philippe Vialletelle, Alan Weber, Jim Wermes, Harvey Wohlwend, Kurt Woolley, Rex Wright, Hiromi Yajima,
Makoto Yamamoto, Don Yeamen, William W.L. Yuan, Jonathan Zatz

Assembly and Packaging—Joseph Adam, Bernd Appelt, James Bird, W. R. Bottoms, Kwang Yoo Byun, Ralph K. Cavin,
Shi Chi Chang, Carl Chen, William Chen, Jason Cho, Sonjin Cho, Peter Anthony Collier, John T. "Jack" Fisher,
Nobuo Futawatari, George Harman, Shuya Haruguchi, Ryo Haruta, N.A. Hattink, Fumihiko Hayano, Mike Hung,
Mahadevan K. Iyer, Hisao Kasuga, Michitaka Kimura, ChoonHeung Lee, Dongho Lee, Rongshen Lee,
Abhay Maheshwari, Debendra Mallik, Voya Markovich, Stan Mihelcic, Hirofumi Nakajima, Keith Newman,
Luu Nguyen, Kazuo Nishiyama, Bob Pfahl, Ralf Plieninger, Gilles Poupon, Klaus Pressel, Bernd Roemer, Yong-Bin Sun,
Coen Tak, Takashi Takata, Hajime Tomokage, Shigeki Ueda, Shoji Uegaki, Shigeru Utsumi, Henry Utsunomiya,
Max Juergen Wolf, Zhiping Yang, Masanao Yano, Eiji Yoshida

Environment, Safety, and Health—Junichi Aoyama,  Hans-Peter Bipp, = Roger Chang, = George Chen,  Steve Cho,
Geun-Min Choi, Terry Francis, Nigel Hsu, Ho-Song Hwang, Francesca Illuzzi, Jim Jewett, CY Kao, Shou-Nan Li,
C.N. Lin, Sam Lin, Mary Majors, Ed McCarthy, Mike Mocella, Joseph K.C. Mou, Larry Novak, Takayuki Oogoshi,
Chyr-Hwan Suen, Tetsu Tomine, Ming Shih Tsai, Sy-Wen Wong, Ted Wong, Walter Worth, Tim Yeakley, Jung-Pin Yu

Yield Enhancement—Scott Anderson, Hyun Chul Baek, Tracey Boswell, Mark Camenzind, Jan Cavelaars,
Kristen Cavicchi, C.H. Chang, Jeff Chapman, ChanYuan Chen, Victor Chia, Uri Cho, James S. Clarke, J-M. Collard,
Mark Crockett, Dirk de Vries, John Degenova, James Dougan, Diane Dougherty, Francois Finck, Frank Flowers,
Tom Gutowski, Jeffrey Hanson, Allyson Hartzell, Rob Henderson, Benoit Hirschberger, Christoph Hocke, Jim Huang,
Steve Hues, Yoji Ichiyasu, Masahiko Ikeno, Francesca Illuzzi, Billy Jones, Keith Kerwin, John Kurowski,
Sumio Kuwabara, Chris Long, Luke Lovejoy, Michael Lurie, Steven Ma, James McAndrew, Robert McDonald,
Mike McIntyre, Len Mei, Yoko Miyazaki, Fumio Mizuno, Mansour Moinpour, William Moore, Chris Muller,
Yoshinori Nagatsuka, Andreas Neuber, Kazuo Nishihagi, Andreas Nutsch, Joseph O’Sullivan, Akira Okamoto,
Takanori Ozawa, Sang Kyun Park, Kevin T. Pate, Dilip Patel, Lothar Pfitzner, Dieter Rathei, Ron Remke,
Ralph Richardson, J. Ritchison, Dave Roberts, Dan Rodier, John Rydzewski, Koichi Sakurai, Tony Schleisman,
Sarah Schoen, Hisaharu Seita, Yoshimi Shiramizu, Terry Stange, Val Stradzs, Ed Terrell, Ines Thurner, Bart Tillotson,
Ken Tobin, Stephen Toebes, Jimmy Tseng, Ken Tsugane, Hank Walker, Tings Wang, Jian Wei, Dan Wilcox,
Hubert Winzig, Yuichiro Yamazaki, C.S. Yang

Metrology—John Allgair, Chas Archie, Mike Bishop, Dick Brundle, Michele Buckley, Ben Bunday, Hugo Celio,
Fang-Cheng Chen, Man-Ho Cho, Alain Diebold, Shinji Fujii, Andreas Hegedus, Rudi Hendel, Thomas Hingst,
Dick Hockett, Jia-Rui Hu, Chin Yi Huang, P.Y.Hung, Masahiko Ikeno, Jung-Yeul Jang, Soo-Bok Jin, David Joy,
Eiichi Kawamura, Chul Hong Kim, Steve Knight, Isao Kojima, King Lee, Pete Lipscomb, Jack Martinez,
Joaquin Martinez, Fumio Mizuno, Kevin Monahan, Kazuo Nishihagi, Baw-Ching Perng, Ingrid Peterson, Noel Poduje,
Michael Postek,  Jimmy Price,  Bart Rijpers, = Gary Rubloff, = Jyu-Horng Shieh, = Chin Soobok,  Rien Stoup,
Aritoshi Sugimoto, Vladimir Ukraintsev, Brad van Eck, Mauro Vasconi, Dick T.A.P. Verkleij, Andras Vladar,
Dan Wack, Atsuko Yamaguchi, Yuichiro Yamazaki, Susie Yang

Modeling and Simulation—Doelf Aemmer, Nobutoshi Aoki, Susumu Asada, Augusto Benvenuti, Lars Bomholt,
Ingo Bork, Jae-Hon Choi, An De Keersgieter, Wolfgang Demmerle, Hirokazu Hayashi, Anco Heringa, Herve Jaouen,
Mitsunori Kimura, Martin Knaipp, Jun Komachi, Tatsuya Kunikiyo, Erasmus Langer, Giles Le Carval, Keun-Ho Lee,



Jirgen Lorenz, Raimer Minixhofer, Wolfgang Molzer, Mitsutoshi Nakamura, Seiji Ogata, Paul Pféffli, Peter Pichler,
Shigeo Satoh, Walt Trybula, Tetsunori Wada, Reinout Woltjer, Song Zhao

REGIONAL SUPPORT TEAMS

We acknowledge and thank the regional teams for their support:
< Europe—Infineon—Carola Siebert, SEMI Europe—Johanna Turpeinen, Fred Kolbe, and Walter Roessger
®Japan—Yasuaki Hokari, Yutaka Onda

©Korea—1Jae-Min Jun

& Taiwan—Celia Shih

®USA—Yumiko Takamori, Linda Wilson

Intel meeting support team—Sally Yanez, Barbara Pebworth
International SEMATECH—Sarah Mangum, Donna Towery
National Science Foundation—Mihail Roco

SEMI North America— Pat Gardner, Jody Sullivan

SIA—Judy Ajifu Rodgers



TABLE OF CONTENTS

2006 UPAALE OVEIVIEW ...eevvtiiieeeeeeeeeetttes s e e e e e e e eeateaa s s e e e e e eeeaaasa s e aaeaeeeesssssnaaeeaeeeeesssnnnnaens 1
Overall Roadmap Technology CharacteriStiCS...........iiiieiiiiiiiiiiiiiiie et 2
SUIMIMIBIY et e e oot e e e e e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et e e et e n e 2
2006 Update: Working Group SUMIMATIES .......ccovvieiuiiiiiaieeeeeeeeeeetiiies s e e e eeeeeesassnnnneeeeeseesnnnes 19
S A (T T I Y7 19
373 o | o 19
Test and TeSt EQUIPMENT. .....oiiiiiiiiei et e e e e e e e e e e e e et e e e e e e e e naneeees 19
Process Integration, DeviCes and StrUCLUIES.........cevvieiieeiiieeieeeesesesessressreesrrerrerrrrrrrrrrrr——————. 20
Radio Frequency and Analog/Mixed-Signal Technologies for Wireless Communications ............ 20
State of Wireless Technologies 2006—ITRS Perspective...........cccuveevviieiiiiiiiiiiiieeeeeeeeeeeeee 20
Emerging RESEArCH DEVICES ......ooooiiiiiiiiiiiiiieieeeeeeeeee ettt seesssessnennenees 21
L 0] o A g T 0Tt PP 21
Y £ Lo | =T o] 0| P 22
[ a1 (= (ole] o] 0 [T o! AP TPPPT TR PPPPPP 23
= o (0] YA a1 (= To | =4[] o I 23
F TSt 0] 0] V= 1 o B = Vo 2= o LT PSSR 24
Environment, Safety, and HEaItN .............oeieiiiiieee e reeerreereeeees 24
N4 1] (o I =1 o] g F= Tg o =T o 1= o | SO PP PO PPPRPP 25
YT (0] o o 26
Modeling and SIMUIATION .........eiiiiiiiii e e e e e e e e e e s n b nreeeaaaae 26
(€] [0S T 1Y/ PP 27
ApPeNdiX A—LiSt Of UPAALES .......cvviiiiii e e e e 33

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2006 UPDATE



LIST OF TABLES
Table 1a

Table 1b
Table 1c
Table 1d
Table le
Table 1f
Table 1g
Table 1h
Table 1i
Table 1j

Table 2a
Table 2b
Table 3a

Table 3b
Table 4a
Table 4b
Table 4c
Table 4d

Table 5a
Table 5b
Table 6a
Table 6b
Table 7a
Table 7b

Product Generations and Chip Size Model

Technology Trend Targets—Near-term YEarsS ...........uuuuurivuriunimnmninniiinninnnennnnnnnnnns 2
Product Generations and Chip Size Model

Technology Trend Targets—LoNng-term YEarsS ............uuuuerruriuuiiiuniiiiiiniineinnnnnnns 3
DRAM and Flash Production Product Generations

and Chip Size Model—Near-term Years UPDATED ..........ooocciiiiiiieie i 4
DRAM and Flash Production Product Generations

and Chip Size Model—Long-term Years UPDATED ...........ccccoiviiiieieiiiiiiieee 5
DRAM Introduction Product Generations

and Chip Size Model—Near-term Years UPDATED .........coovvviiiiiiiiiiiiiiieeiiieeeeee 6
DRAM Introduction Product Generations

and Chip Size Model—Long-term Years UPDATED. ...........ccccoiiiiiiiiiiieee 6
MPU (High-volume Microprocessor) Cost-Performance

Product Generations and Chip Size Model—Near-term Years UPDATED .......... 7
MPU (High-volume Microprocessor) Cost-Performance

Product Generations and Chip Size Model—Long-term Years UPDATED.......... 8
High-Performance MPU and ASIC Product Generations

and Chip Size Model—Near-term YEarS .......cceivieeiiiieiiiiii e eeeee et e e e 9
High-Performance MPU and ASIC Product Generations

and Chip Size Model—Long-term YEars ......ccccovvveeiiiieiiiiii e 9
Lithographic-Field and Wafer-Size Trends—Near-term Years...........ccccccvnnnnn. 10
Lithographic-Field and Wafer Size Trends—Long-term Years..........cccccceeevrnnnnnns 10
Performance of Packaged Chips:

Number of Pads and Pins—Near-term Years UPDATED ..........ccccooeeeeiiiiiieennn. 11
Performance of Packaged Chips:

Number of Pads and Pins—Long-term Years UPDATED ...........cccoooeveiiiiiiieennn. 11
Performance and Package Chips: Pads, Cost—

Near-term Years UPDATED .......ooo ot 12
Performance and Package Chips: Pads, Cost—

Long-term Years UPDATED ... 12
Performance and Package Chips:

Frequency On-chip Wiring Levels—Near-term Years UPDATED ....................... 13
Performance and Package Chips:

Frequency On-chip Wiring Levels—Long-term Years UPDATED....................... 13
Electrical Defects—Near-term Years UPDATED .....ccccooviiiiiiiiiiii, 14
Electrical Defects—Long-term Years UPDATED .......ccooviiiiiiiii, 14
Power Supply and Power Dissipation—Near-term Years .........ccccceeeeveeeeeeeeeeeenn. 15
Power Supply and Power Dissipation—Long-term Years UPDATED.................. 16
COSE—NEAI-TEIM YEBAIS ... eeiiiieeiiiie ettt e e e e e e e e e e 17
L0001 e o] Lo B 1= 0 4 I == N 17

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2006 UPDATE



THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2006 UPDATE



Overview 1

OVERVIEW

The International Technology Roadmap for Semiconductors (ITRS) is the result of a worldwide consensus-building
process. This document predicts the main trends in the semiconductor industry spanning across 15 years into the future.
The participation of experts from Europe, Japan, Korea, and Taiwan as well as the U.S.A. ensures that the ITRS is a valid
source of guidance for the semiconductor industry as we strive to extend the historical advancement of semiconductor
technology and the worldwide integrated circuit (IC) market. These five regions jointly sponsor the ITRS.

The Semiconductor Industry Association (SIA) coordinated the first efforts of producing what was originally The
National Technology Roadmap for Semiconductors (NTRS). The semiconductor industry became a global industry in the
1990s, as many semiconductor chip manufacturers established manufacturing or assembly facilities in multiple regions of
the world. This realization led to the creation of the International Technology Roadmap for Semiconductors in the late
90s. The invitation to cooperate on the ITRS was extended by the SIA at the World Semiconductor Council in April 1998
to Europe, Japan, Korea, and Taiwan. Since then, full revisions of the ITRS were produced in 1999, 2001, 2003 and
2005; ITRS updates were produced in the even-numbered years (2000, 2002, and 2004).

The ITRS process is an ongoing event. The industry is dynamic—continually innovating; introducing new products; and
achieving solutions. To keep the ITRS information as current as possible with this dynamic industry environment, during
each year following an edition such as the 2005 ITRS, the roadmap information is reviewed. Data adjustments,
corrections, and new information items are agreed to among the ITWG members and by soliciting public feedback during
the annual ITRS Summer Conference in San Francisco. For the 2006 ITRS Update effort, all the ITRS tables were
reviewed. If necessary, data and notations were updated to match industry advancements.

Overall, the 2006 ITRS Update represents a minor modification to the 2005 ITRS. The 2006 ITRS Update, consistent with
the 2005 ITRS, removes the concept of “technology node” as the main pace setter for the IC industry. Users of the 2006
Update easily can determine specific numbers for DRAM metal half-pitch, NAND polysilicon half-pitch, or MPU and
ASIC gate length, for example, to characterize the pace of that specific technology. The Overall Roadmap Technology
Characteristics Tables and individual ITWG tables use these specific product timings to indicate the drivers for their
requirements. For this purpose, the 2006 ITRS Update addresses an independent measure of the technology pace of
DRAM, of MPU, and of Flash products.

Several tables have been corrected or updated, as clearly indicated in blue. It is also rather easy to identify where the
changes have occurred as indicated by “IS” in the far left column of an updated table. This Overview document contains
an Appendix of all tables, figures, or textual changes for the 2006 Update by chapter.

It is important to remind the reader that it is the purpose of the ITRS documents to provide a reference of requirements,
potential solutions, and their timing for the semiconductor industry. This objective has been accomplished by providing a
forum for international discussion, cooperation, and agreement among the leading semiconductor manufacturers and the
leading suppliers of equipment, materials, and software, as well as researchers from university, consortia, and government
labs.

The ITRS documents have become and remain a truly common reference for the entire semiconductor industry. Indeed,
the cooperative efforts of the ITRS participants have fostered cooperation among international consortia, universities, and
research institutions around the world. It is hoped that the 2006 ITRS Update will further contribute to fuel cooperative
R&D investments so that the financial burden can be more uniformly shared by the whole industry. It is also hoped that
the ITRS will continue to stimulate the fundamental elements that encourage innovation in individual companies.
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2 Overall Roadmap Technology Characteristics

OVERALL ROADMAP TECHNOLOGY CHARACTERISTICS

SUMMARY

The International Technology Roadmap for Semiconductors (ITRS) Overall Roadmap Technology Characteristics
(ORTC) section provides both originating guidance from ORTC Product Models and also consolidates items from other
ITRS Technology Working Group (TWG) tables.

Table 1a-h Product Generations (DRAM, Flash, MPU/ASIC) and Chip Size Model Technology Trends—There are no
changes from the 2005 ORTC Technology Trend and Product Models, and there are also no changes to the 2005 Product
Performance Models provided by the Design TWG. As a result, the ORTC Tables 1a-i, which are sourced from those
models, remain unchanged. There are some corrections made to the line item labels: 1) various cell area and transistor
area labels, which were incorrectly labeled as “mm®” in the 2005 tables, instead of “um®’; and 2) Flash Memory bits per
cm’ labeled “Gbits/cm”” (Giga-bits/ cm® rather than “Bits/cm®.” The remaining changes to ORTC tables for the 2006
Update are derived from corresponding changes to TWG tables, which are used as the various source line items for

consolidation in the ORTC. A review of these TWG-related ORTC Tables is included below.

Table 2a&b Lithographic-Field and Wafer-Size Trends—Lithography field size trends are unchanged. Wafer generation
targets (450mm target to begin in 2012 on 11-year cycle) remain unchanged by the International Roadmap Committee
(IRC). It is important to note that dialogue is underway between semiconductor manufacturers and suppliers to assess
standards and productivity improvement options on 300mm and 450mm generations. Economic analysis of option
scenarios is also underway to examine the required R&D cost, benefits, return-on-investment, and funding mechanism
analysis and proposals.

Table 3a&b Performance of Packaged Chips: Number of Pads and Pins—Internal chip pad counts for both I/O and power
and ground remain unchanged (2:1 ratio I/O-to-power/ground for high-performance MPU; 1:1 ratio for high-performance
ASIC). After assessment of the progress in the back-end assembly and packaging industry, the Assembly and Packaging
(A&P) TWG increased their numerical targets and trends for the maximum pin counts, increasing pressure on future
packaging costs.

Table 4a&b Performance and Package Chips: Pads, Cost—The A&P TWG increased the area array flip chip pad spacing
targets by 10-20%. The two-row staggered-pitch targets have increased 10-20% in the near termand the three-row
staggered-pitch targets have increased 10-50% in the near term. Both pitch targets remain unchanged in the long term.
Cost-per-pin targetsare adjusted by the A&P TWG, to reflect estimates and response to cost challenges.

Table 4c&d Performance and Package Chips: Frequency On-chip Wiring Levels—The A&P TWG adjusted the chip-to-
board (off-chip) frequency targets in the 2011-2020 range to remain below the Design/Process Integration (PIDS) targets
for on-chip frequency. The Design/PIDS targets for on-chip frequency remain unchanged in the 2006 Update. The
Interconnect TWG leaves thenumber of on-chip wiring levels unchanged.

Table 5a&b Electrical Defects—The MPU and DRAM defect targets are adjusted by the Yield Enhancement TWG to
reflect their new 2006 Update models and trends, in which both random defects/cm® and the number of mask levels have
leveled off through 2020 at smaller long range targets.

Table 6a&b Power Supply and Power Dissipation—There are no changes to the PIDS TWG MPU and DRAM targets for
voltage. The A&P TWG kept the maximum power per square centimeter targets unchanged through 2018. The 2019 and
2020 targets, which increased in the 2005 table, are constant in the update table. The maximum Watts (calculated by the
ORTC table for specific product maximum production start chip sizes) are also now constant targets in 2019 and 2020.

Table 7a&b Cost—The “tops-down” semiconductor market driver models for cost-per-function remain unchanged for the
the 2006 Update. The Cost table targets for both memory and logic represent the need to preserve the historical economic
semiconductor device productivity trend for continuous reduction of the cost-per-function by -29% compound annual
reduction rate (CARR) throughout the roadmap timeframe.

Preserving this cost-per-function productivity trend in view of increasing packaging costs, plus the slowing of product
function densities due to slower technology cycles (three-year versus two-year) and design factor improvements,
represent the over-arching economic grand challenge for the industry.
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Overall Roadmap Technology Characteristics 3

Table 1a Product Generations and Chip Size Model Technology Trend Targets—Near-term Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM %2 Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 90 78 68 59 52 45 40 36 32
MPU Printed Gate Length (nm) tt 54 48 42 38 34 30 27 24 21
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13
ASIC/Low Operating Power Printed Gate Length 76 64 54 48 42 38 34 30 27
(nm) Tt

?;]L:,TI] g:/Low Operating Power Physical Gate Length 45 38 32 28 25 23 20 18 16
Flash %2 Pitch (nm) (un-contacted Poly)(f) 76 64 57 51 45 40 36 32 28

Table 1b Product Generations and Chip Size Model Technology Trend Targets—Long-term Years

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM ¥ Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 28 25 22 20 18 16 14
MPU Printed Gate Length (nm) tt 19 17 15 13 12 11

MPU Physical Gate Length (nm) 11 10 9 8 7 6

ASIC/Low Operating Power Printed Gate Length (nm) f1 24 21 19 17 15 13 12
ASIC/Low Operating Power Physical Gate Length (nm) 14 13 11 10 9 8 7
Flash ¥z Pitch (nm) (un-contacted Poly)(f) 25 23 20 18 16 14 13

Notes for Tables 1a and 1b:

Tt MPU and ASIC gate-length (in resist) node targets refer to the most aggressive requirements, as printed in photoresist (which was by definition also
““as etched in polysilicon,” in the 1999 ITRS).

However, during the 2000/2001 ITRS development, trends were identified, in which the MPU and ASIC ““physical” gate lengths may be reduced from
the ““as-printed” dimension. These physical gate-length targets are driven by the need for maximum speed performance in logic microprocessor (MPU)
products, and are included in the Front End Processes (FEP), Process Integration, Devices, and Structures (P1Ds), and Design chapter tables as needs
that drive device design and process technology requirements.

Refer to the Glossary for definitions of Introduction, Production, INTERgeneration, and InTRAgeneration terms.

MPU Physical Gate Length targets are unchanged from the 2003 ITRS and 2004 ITRS Update, but also included are the complete set of annualized
Long-term targets through 2020. The printed gate length has been adjusted to reflect the agreement between the FEP and Lithography TWGs to use a
standard factor, 1.6818, to model the relationship between the final physical gate length and the printed gate length, after additional processing is
applied to that isolated feature.

MPU/ASIC M1 stagger-contact targets have been accelerated to 90 nm in 2005 to reflect actual industry performance per the Interconnect ITWG
recommendation, and a new consensus model technology cycle timing of 2.5 years (to 0.71x reduction) has been applied through 2010, when the trend
targets become equal to the DRAM stagger-contact M1 through 2020.

Numbers in the header are rounded from the actual trend numbers used for calculation of models in ITRS ORTC and ITWG tables (see discussion in the
Executive Summary on rounding practices).
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4 Overall Roadmap Technology Characteristics
Table 1c DRAM and Flash Production Product Generations and Chip Size Model—Near-term Years
UPDATED
Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥z Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
o
(ManTq;”ASIC Metal 1 (M1) % Pitch 90 8 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13
DRAM Product Table
Cell area factor [a] 8 8 8 6 6 6 6 6 6
IS |Cell area [Ca = af?] (Mz) 0.051 0.041 0.032 0.019 0.015 0.012 0.0096 0.0077 0.0061
i 0,
gfl'; i{zrgy;rea atproduction (% of | 63 5005 | 63.00% | 63.00% | 56.08% | 56.08% | 56.08% | 56.08% | 56.08% | 56.08%
Generation at production § 1G 2G 2G 2G 4G 4G 4G 8G 8G
Functions per chip (Gbits) 1.07 2.15 2.15 2.15 4.29 4.29 4.29 8.59 8.59
Chip size at production (mm2)§ 88 139 110 74 117 93 74 117 93
Gbits/cm2 at production § 1.22 1.54 1.94 291 3.66 4.62 5.82 7.33 9.23
Flash Product Table
Flash % Pitch (nm) (un-contacted | 75 5 63.6 56.7 50.5 45.0 40.1 35.7 318 28.3
Poly)(f)
Cell area factor [a] 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
IS |cCell area [Ca= afz] (Mz) 0.023 0.016 0.013 0.010 0.008 0.006 0.005 0.004 0.003
i 0,
gfl'; i{zrgy;rea atproduction (% 0f | o7 500 | 67506 | 67.5% | 675% | 67.5% | 67.5% | 67.5% | 67.5% | 67.5%
Generation at production § SLC 4G 4G 4G 8G 8G 8G 16G 16G 16G
Generation at production § MLC 8G 8G 8G 16G 16G 16G 32G 32G 32G
Functions per chip (Ghits) SLC 4.29 4.29 4.29 8.59 8.59 8.59 17.18 17.18 17.18
Functions per chip (Gbits) MLC 8.59 8.59 8.59 17.18 17.18 17.18 34.36 34.36 34.36
Chip size at production (mm2)§ SLC 144 101.8 80.8 128.3 101.8 80.8 128.3 101.8 80.8
. - 2
mgs'ze at production (mm")§ 144 101.8 80.8 1283 | 1018 80.8 1283 | 1018 80.8
IS |Bits/em? at production § SLC 3.0E+09 | 4.2E+09 | 5.3E+09 | 6.7E+09 | 8.4E+09 | 1.1E+10 | 1.3E+10 | 1.7E+10 | 2.1E+10
IS m/cm2 at production § MLC 6.0E+09 | 8.4E+09 | 1.1E+10 | 1.3E+10 | 1.7E+10 | 2.1E+10 | 2.7E+10 | 3.4E+10 | 4.3E+10
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Table 1d DRAM and Flash Production Product Generations and Chip Size Model—Long-term Years

UPDATED
Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM Y2 Pitch (hnm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
DRAM Product Table
Cell area factor [a] 6 6 6 6 6 6 6
IS |Cell area [Ca = af] (um?) 0.0048 | 0.0038 | 0.0030 | 0.0024 | 0.0019 | 0.0015 | 0.0012
g;lel) a§rray area at production (% of chip | ¢ 450/ | 56,089 | 56.08% | 56.08% | 56.08% | 56.08% | 56.08%
Generation at production § 8G 16G 16G 16G 32G 32G 32G
Functions per chip (Gbits) 8.59 17.18 17.18 17.18 34.36 34.36 34.36
Chip size at production (mm?)§ 74 117 93 74 117 93 74
Gbits/cm2 at production § 11.63 14.65 18.46 23.26 29.31 36.93 46.52

Flash Product Table
Flash % Pitch (nm) (un-contacted Poly)(f) 25.3 22.5 20.0 17.9 15.9 14.2 12.6

Cell area factor [a] 4.0 4.0 4.0 4.0 4.0 4.0 4.0
IS |Cellarea [Ca = afz] (Mg) 0.003 0.002 0.002 0.001 0.001 0.001 0.001
;‘Z*"e') a§"ay area at production (% of chib | 67 504 | 67,506 | 67.5% | 67.5% | 67.5% | 67.5% | 67.5%
Generation at production § SLC 32G 32G 32G 64G 64G 64G 128G
Generation at production § MLC 64G 64G 64G 128G 128G 128G 256G
Functions per chip (Gbits) SLC 34.36 34.36 34.36 68.72 68.72 68.72 | 137.44
Functions per chip (Gbits) MLC 68.72 68.72 68.72 137.44 | 137.44 | 137.44 | 274.88
Chip size at production (mm2)§ SLC 128.3 101.8 80.8 128.3 101.8 80.8 128.3
Chip size at production (mm2)§ MLC 128.3 101.8 80.8 128.3 101.8 80.8 128.3
IS mlcm2 at production § SLC 2.7E+10 | 3.4E+10 | 4.3E+10 | 5.4E+10 | 6.7E+10 | 8.5E+10 | 1.1E+11
IS |Bits/cm? at production § MLC 5.4E+10 | 6.7E+10 | 8.5E+10 | 1.1E+11 | 1.3E+11 | 1.7E+11 | 2.1E+11

Notes for Tables 1c and 1d:

8 DRAM Model—cell area factor (design/process improvement) targets are as follows:

1999-2007/8x: 2008-2020/6x. Due to the elimination of the “7.5,” “7,”and the “5”” DRAM Cell design improvement Factors [a] in the latest 2005
ITRS DRAM consensus model, the addition of ““Moore’s Law” bits/chip slows from 2x every 2.5-3 years to 2x every three years.

DRAM product generations were increased by 4.x bits/chip every four years with interim 2x bits/chip generation. However, in the latest model 2005
ITRS timeframe refer to Figures 9 and 10 for bit size and bits/chip trends:

1. at the Introduction phase, after the 16 Gbit generation, the introduction rate is 4x/six years (2x/three years); and

2. at the Production phase, after the 4 Ghit generation, the introduction rate is 4x/six years (2x/three years).

As a result of the DRAM consensus model changes for the 2005 ITRS, the INTER-generation chip size growth rate model target for Production-phase
DRAM products remains “flat™ at less than 140 mmz, similar to the MPU model. However, with the elimination of some of some of “cell area factor”
reductions, the flat-chip-size model target requires the bits/chip “Moore’s Law” model for DRAM products to increase the time for doubling bits per
chip to an average of 2.x per 3 years (see ORTC Table 1c, 1d).

Furthermore, the cell array efficiency (CAE — the Array % of total chip area) was corrected to 56.1% after 2008, since only the storage cell array area
benefits from the 6x “cell area factor”” improvement, not the periphery. This CAE change in the model puts even additional pressure on the
production-phase product chip size to meet the target flat-chip-size model. It can be observed in the Table 1c and d model data that the INTRA-
generation chip size shrink model is still 0.5x every technology cycle (to 0.71x reduction) in-between cell area factor reductions.

Refer to the Glossary for definitions of Introduction, Production, INTERgeneration, and InTRAgeneration terms.

Similarly to DRAM, the new Flash product model also targets an affordable (<145 mm?) chip size and includes a doubling of functions (bits) per chip
every technology cycle (three years after 2006) on an Inter-generation. Flash cells have reached a limit of the 4-design factor, so the reduction of the
Flash single-level cell (SLC) size is paced by the uncontacted polysilicon (three-year cycle). However, the Flash technology has the ability to store and
electrically access two bits in the same cell area, creating a multi-level-cell (MLC) “virtual” per-bit size that is one-half the size of an SLC product cell
size (refer to Figures 9 and 10).
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6 Overall Roadmap Technology Characteristics

Table 1e  DRAM Introduction Product Generations and Chip Size Model—Near-term Years UPDATED

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM Y2 Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch (nm) (f) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13
Cell area factor [a] 8 8 8 6 6 6 6 6 6
IS |Cell area [Ca= afz] (Mz) 0.051 0.041 0.032 0.019 0.015 0.012 0.010 0.008 0.006
Cell array area at introduction (% of chip size) § | 72.95% | 73.25% | 73.52% | 73.76% | 73.97% | 74.16% | 74.30% | 74.47% | 74.61%
Generation at introduction 8 8G 8G 16G 16G 16G 32G 32G 32G 64G
Functions per chip (Gbits) 8.59 8.59 17.18 17.18 17.18 34.36 34.36 34.36 68.72
Chip size at introduction (mmz) § 606 479 757 449 356 563 446 353 560
Gbits/cm2 at introduction § 1.42 1.79 2.27 3.82 4.83 6.10 7.70 9.73 12.28

Table 1f DRAM Introduction Product Generations and Chip Size Model—Long-term Years UPDATED

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM %2 Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) (f) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Cell area factor [a] 6 6 6 6 6 6 6
IS |Cellarea[Ca= afz] (mg) 0.005 0.004 0.003 0.002 0.002 0.002 0.001
Cell array area at introduction (% of chip size) § 74.70% | 74.83% | 74.93% | 75.00% | 75.09% | 75.18% | 75.27%
Generation at introduction § 64G 64G 128G 128G 128G 256G 256G
Functions per chip (Gbits) 68.72 68.72 137.44 | 137.44 | 137.44 | 274.88 | 274.88
Chip size at introduction (mmz) § 444 351 557 442 350 555 440
Gbits/cm? at introduction § 15.49 19.55 24.67 3111 39.24 49.50 62.44

Notes for Tables 1e and 1f:

§ DRAM Model—cell area factor (design/process improvement) targets are as follows:

1999-2007/8x: 2008-2020/6%. Due to the elimination of the “7.5,”” ““7,” and the “5”> DRAM Cell design improvement Factors [a] in the latest 2005
ITRS DRAM consensus model, the addition of ““Moore’s Law™ bits/chip slows from 2x every 2.5-3 years to 2x every three years.

DRAM product generations were increased by 4.x bits/chip every four years with interim 2x bits/chip generation. However, in the latest model 2005
ITRS timeframe:

1. at the Introduction phase, after the 16 Gbit generation, the introduction rate is 4x/six years (2 x/three years); and

2. at the Production phase, after the 4 Gbit generation, the introduction rate is 4 x/six years (2x/three years).

As a result of the DRAM consensus model changes for the 2005 ITRS, the INnTER-generation chip size growth rate model target for production-phase
DRAM products remains “flat™ at less than 140 mm2, similar to the MPU model. However, with the elimination of some of some of “cell area factor”
reductions, the flat-chip-size model target requires the bits/chip “Moore's Law’ model for DRAM products to increase the time for doubling bits per
chip to an average of 2x per three years (see ORTC Table 1c, d).

Furthermore, the cell array efficiency (CAE — the Array % of total chip area) was corrected to 56.1% after 2008, since only the storage cell array area
benefits from the 6x “cell area factor”” improvement, not the periphery. This CAE change in the model puts even additional pressure on the
Production-phase product chip size to meet the target flat-chip-size model. It can be observed in the Table 1c and d model data that the InNTRA-
generation chip size shrink model is still 0.5x every technology cycle (to 0.71x reduction) in-between cell area factor reductions.

Refer to the Glossary for definitions of Introduction, Production, INTERgeneration, and InTRAgeneration terms.
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Table 1g MPU (High-volume Microprocessor) Cost-Performance Product Generations and
Chip Size Model—Near-term Years UPDATED
Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥: Pitch (nm) (contacted) 80 70 65 57 51 45 40 36 32
MPUJ/ASIC Metal 1 (M1) % Pitch (nm) (f) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13
SRAM Cell (6-transistor) Area factor ++ 91.8 94.5 97.5 100.7 104.1 107.8 106.7 105.7 104.8
Logic Gate (4-transistor) Area factor ++ 254 266 279 292 306 320 320 320 320
SRAM Cell (6-transistor) Area efficiency ++ 0.63 0.63 0.63 0.63 0.63 0.63 0.63 0.63 0.63
Logic Gate (4-transistor) Area efficiency ++ 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
IS |SRAM Cell (6-transistor) Area (Mg)++ 0.74 0.58 0.45 0.35 0.28 0.22 0.17 0.13 0.11
IS |SRAM Cell (6-transistor) Area w/overhead (Mg)++ 1.2 0.93 0.73 0.57 0.45 0.35 0.27 0.22 0.17
IS |Logic Gate (4-transistor) Area (Mg)++ 2.06 1.63 1.30 1.03 0.82 0.65 0.51 0.41 0.32
IS |Logic Gate (4-transistor) Area w/overhead (Mg)++ 4.1 3.3 2.6 21 16 13 1.03 0.82 0.65
Transistor density SRAM (Mtransistors/cmz) 504 646 827 1,057 1,348 1,718 2,187 2,781 3,532
Transistor density logic (Mtransistors/cmz) 97 122 154 194 245 309 389 490 617
Generation at introduction * p07c plOc plOc plOc pl3c pl3c pl3c pl6c pl6c
[FI\L/IIrt]r?;LOsri]:tgz]():hip at introduction (million transistors 386 386 386 773 773 773 1546 1546 1546
Chip size at introduction (mmz) 1 222 353 280 222 353 280 222 353 280
. 2
ﬁ]‘:f;gsgfgga(:‘;;mf’n‘é g":‘gﬁ:‘:'ssg’lixc)”; at 174 219 276 348 438 552 696 876 | 1,104
Generation at production * pO4c pO4c p07c p07c p07c pl0c pl0c pl0c pl3c
[F'\L/llr:f;ir]c)sri\:tgsg]():hip at production (million transistors 193 193 386 386 386 773 773 773 1546
Chip size at production (mm?) §8 111 88 140 111 88 140 111 88 140
Cost performance MPU (Mtransistors/cm2 at 174 219 276 348 438 552 696 876 1,104

production, including on-chip SRAM) £
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8 Overall Roadmap Technology Characteristics

Table 1h MPU (High-volume Microprocessor) Cost-Performance Product Generations and
Chip Size Model—Long-term Years UPDATED

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm) (f) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
SRAM Cell (6-transistor) Area factor ++ 104.1 103.4 102.8 102.2 101.7 101.3 100.9
Logic Gate (4-transistor) Area factor ++ 320 320 320 320 320 320 320
SRAM Cell (6-transistor) Area efficiency ++ 0.63 0.63 0.63 0.63 0.63 0.63 0.63
Logic Gate (4-transistor) Area efficiency ++ 0.50 0.50 0.50 0.50 0.50 0.50 0.50
IS |SRAM Cell (6-transistor) Area (mg)++ 0.084 0.066 0.052 0.041 0.032 0.026 0.020
IS | SRAM Cell (6-transistor) Area w/overhead (um?)++ 0.13 0.106 | 0.083 | 0.066 | 0.052 | 0.041 | 0.032
IS | Logic Gate (4-transistor) Area (um?)++ 0.26 0.20 0.16 0.13 0.10 0.08 0.06
IS |Logic Gate (4-transistor) Area w/overhead (mg)++ 0.51 0.41 0.32 0.26 0.20 0.16 0.13
Transistor density SRAM (Mtransistors/cmz) 4,484 5,687 7,208 9,130 | 11,558 | 14,625 | 18,497
Transistor density logic (Mtransistors/cmz) 778 980 1,235 1,555 1,960 2,469 3,111
Generation at introduction * pl6c p19c p19c p19c p22c p22c p22c
Functions per chip at introduction (million transistors [Mtransistors]) 3092 3092 3092 6184 6184 6184 12368
Chip size at introduction (mmz) ¥ 222 353 280 222 353 280 222
gr?_sgh?;r;%rgn&;ie MPU (Mtransistors/cm2 at introduction) (including 1,391 1753 2.209 2.783 3,506 4,417 5.565
Generation at production * pl3c pl3c pléc pléc pléc pl9c pl9c
Functions per chip at production (million transistors [Mtransistors]) 1546 1546 3092 3092 3092 6184 6184
Chip size at production (mm2) 8§ 111 88 140 111 88 140 111
((:Zr?i;tg;z(’\);)m;nce MPU (Mtrane‘.istors/cm2 at production, including on- 1,391 1753 2.209 2.783 3,506 4417 5565

Notes for Tables 1g and 1h:

++ The MPU area factors are analogous to the “cell area factor”” for DRAMSs. The reduction of area factors has been achieved historically through a
combination of many factors, for example—use of additional interconnect levels, self-alignment techniques, and more efficient circuit layout. However,
recent data has indicated that the improvement (reduction) of the area factors is slowing, and is virtually flat for the logic gate area factor.

* p is processor, numerals reflect year of production; c indicates cost-performance product. Examples—the cost-performance processor, p04c, was
introduced in 2002, but not ramped into volume production until 2004; similarly, the p07c, is introduced in 2004, but is targeted for volume production
in 2007.

1 MPU Cost-performance Model—Cost-performance MPU includes Level 2 (L2) on-chip SRAM (512Kbyte/2000), and the combination of both SRAM
and logic transistor functionality doubles every technology node cycle.

88 MPU Chip Size Model—Both the cost-performance and high-performance MPUs InTER-generation production-level chip sizes are modeled to be
below affordable targets, which are flat through 2020 (280 mmz/cost-performance at introduction; 140 mmzlcost-performance at production;

310 mm2/high-performance at production). The MPU flat chip-size affordability model is accomplished by doubling the on-chip functionality every
technology cycle. Actual market chip sizes may exceed the affordability targets in order to continue the doubling of on-chip functionality on a shorter
cycle, but their unit costs and market values must be increased. In the 2005 ITRS, the MPU model now includes introduction-level high-performance
MPU targets that shrink to the “affordable™ targets (the same way the DRAM model operates). The InTRA-generation chip size shrink model is 0.5x
every two-year density-driven technology cycle through 2004, and then 0.5x every three-year density-driven technology cycle after 2004, in order to
stay under the affordable flat-chip-size target.

Refer to the Glossary for definitions.
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Table 1i High-Performance MPU and ASIC Product Generations and Chip Size Model—Near-term Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch (nm) (f) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13
Logic (Low-volume Microprocessor) High-performance

Generation at Introduction p07h p10h p10h p10h p13h p13h p13h pl6h pl6h
t':r‘;rr‘]g's‘t’grss;’er chip at introduction (million 1106 | 2212 | 2212 | 2212 | 4424 | 4424 | 4424 | s8sas | 8848
Chip size at introduction (mmz) 492 781 620 492 781 620 492 781 620
Generation at production ** p04h p04h p07h p07h p07h p10h p10h p10h p13h
t':r‘;ﬂgf's‘t’gfs;’er chip at production (million 553 | 553 | 1106 | 1106 | 1106 | 2212 | 2212 | 2212 | 4424
Chip size at production (mmz) 88 246 195 310 246 195 310 246 195 310
High-performance MPU Mtransistors/cm? at

introduction and production (including on-chip 225 283 357 449 566 714 899 1133 1427
SRAM) £

ASIC

ASIC usable Mtransistors/cm® (auto layout) 225 283 357 449 566 714 899 1,133 1,427
A_SIC max _chi_p size_ at production (mmz) (maximum 858 858 858 858 858 858 858 858 858
lithographic field size)

ASIC maximum functions per chip at production

(Mtransistors/chip) (fit in maximum lithographic 1,928 2,430 3,061 3,857 4,859 6,122 7,713 9,718 | 12,244
field size)

Table 1j High-Performance MPU and ASIC Product Generations and Chip Size Model—Long-term Years

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM %2 Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) ¥z Pitch (nm) (f) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Logic (Low-volume Microprocessor) High-performance

Generation at Introduction pl6h p19h p19h p19h p22h p22h p22h
Functions per chip at introduction (million transistors) 8848 17696 17696 17696 35391 35391 35391
Chip size at introduction (mmz) 492 781 620 492 781 620 492
Generation at production ** p13h p13h pl6h pl6h pl6h p19h p19h
Functions per chip at production (million transistors) 4424 4424 8848 8848 8848 17696 17696
Chip size at production (mmz) 88 246 195 310 246 195 310 246
High-performance MPU Mtransistors/cm? at introduction

ang pfoduction (including on-chip SRAM) t 1798 2265 2854 35% 4531 5708 192
ASIC

ASIC usable Mtransistors/cm? (auto layout) 1,798 2,265 2,854 3,596 4,531 5,708 7,192
ﬁtsh'c";’rg":)’;icch;fefg:i ;‘;)pmduc“on (mm?) (maximum 858 858 858 858 858 858 858
ASIC maximum functions per chip at production

(Mtransistors/chip) (fit in maximum lithographic field 15,427 19,436 24,488 30,853 38,873 48,977 61,707
size)

Notes for Tables 1i and 1j:

* p is processor, numerals reflect year of production; c indicates cost-performance product. Examples—the cost-performance processor, p04c, was
introduced in 2002, but not ramped into volume production until 2004; similarly, the p07c, is introduced in 2004, but is targeted for volume production

in 2007.

t MPU Cost-performance Model—Cost-performance MPU includes Level 2 (L2) on-chip SRAM (512Kbyte/2000), and the combination of both SRAM
and logic transistor functionality doubles every technology cycle.
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88 MPU Chip Size Model—Both the cost-performance and high-performance MPUs InNTER-generation production-level chip sizes are modeled to be

below affordable targets, which are flat through 2020 (280 mmz/cost-performance at introduction; 140 mmzlcost-performance at production;
310 mmzlhigh-performance at production). The MPU flat chip-size affordability model is accomplished by doubling the on-chip functionality every

technology cycle. Actual market chip sizes may exceed the affordability targets in order to continue the doubling of on-chip functionality on a shorter
cycle, but their unit costs and market values must be increased. In the 2005 ITRS, the MPU model now includes introduction-level high-performance
MPU targets that shrink to the “affordable™ targets (the same way the DRAM model operates). The InTRA-generation chip size shrink model is 0.5x
every two-year density-driven technology cycle through 2004, and then 0.5x every three-year density-driven technology cycle after 2004, in order to

stay under the affordable flat-chip-size target.
Refer to the Glossary for definitions.

Table 2a  Lithographic-Field and Wafer-Size Trends—Near-term Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPUJ/ASIC Metal 1 (M1) %2 Pitch (nm) (f) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13
Lithography Field Size
Maximum Lithography Field Size—area (mmz) 858 858 858 858 858 858 858 858 858
Maximum Lithography Field Size—length (mm) 33 33 33 33 33 33 33 33 33
Maximum Lithography Field Size—width (mm) 26 26 26 26 26 26 26 26 26
Maximum Substrate Diameter (mm)—High-volume Production (>20K wafer starts per month)
Bulk or epitaxial or SOI wafer | 300 | 300 | 300 [ 300 | 300 | 300 | 300 | 450 | 450
Table 2b Lithographic-Field and Wafer Size Trends—Long-term Years
Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM ¥; Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm) (f) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Lithography Field Size
Maximum Lithography Field Size—area (mmz) 858 858 858 858 858 858 858
Maximum Lithography Field Size—length (mm) 33 33 33 33 33 33 33
Maximum Lithography Field Size—width (mm) 26 26 26 26 26 26 26
Maximum Substrate Diameter (mm)—High-volume Production (>20K wafer starts per month)
Bulk or epitaxial or SOI wafer | 450 | 450 450 | 450 450 450 450
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Table 3a Performance of Packaged Chips: Number of Pads and Pins—Near-term Years UPDATED

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM %2 Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch (nm) (f) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13
Number of Chip I1/0Os (Number of Total
Chip Pads)—Maximum
Total pads—MPU 3,072 3,072 3,072 3,072 3,072 3,072 3,072 3,072 3,072
Signal I/0—MPU (1/3 of total pads) 1,024 1,024 1,024 1,024 1,024 1,024 1,024 1,024 1,024
Power and ground pads—MPU 2,048 2,048 2,048 2,048 2,048 2,048 2,048 2,048 2,048
(2/3 of total pads)
Total pads—ASIC high-performance 4,000 4,200 4,400 4,400 4,600 4,800 4,800 5,000 5,400
Signal 1/0 pads—ASIC high-performance 2,000 2,100 2,200 2,200 2,300 2,400 2,400 2,500 2,700
Power and ground — igh-
performancg (s of fo"igf ] ;(\jss;c high 2,000 | 2,200 | 2,200 | 2,200 | 2,300 | 2,400 | 2,400 | 2,500 | 2,700
Number of Total Package Pins—Maximum
[1]
IS Microprocessor/controller, cost- 550-900 550-— 600— 600— 660— 660— 720- 720- 800—
performance 1936 | 2140 | 2400 | 2801 | 2783 | 3061 | 3367 | 3704
IS [I\)/:;Lc:;r)nrgﬁg:sor/controlIer, high- 3400 3800 4000 4400 4620 4851 5094 5348 5616
IS _|ASIC (high-performance) 3400 | 3800 | 4000 | 4400 | 4620 | 4851 | 5094 | 5348 | 5616

Notes for Tables 3a and 3b:
[1] Pin counts will be limited for some applications where fine pitch array interconnect is used by printed wiring board (PWB) technology and system
cost. The highest pin count applications will as a result use larger pitches and larger package sizes. The reference to signal pin ratio will also vary

greatly dependent on applications with an expected range from 2:1 to 1:4.

Table 3b  Performance of Packaged Chips: Number of Pads and Pins—Long-term Years UPDATED

Year of Production 2014 2015 2016 2017 2018 2019 2020

DRAM ¥ Pitch (nm) (contacted) 28 25 22 20 18 16 14

MPU/ASIC Metal 1 (M1) 2 Pitch (nm) (f) 28 25 22 20 18 16 14

MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

Number of Chip 1/0s (Number of Total Chip

Pads)—Maximum

Total pads—MPU 3,072 3,072 3,072 3,072 3,072 3,072 3,072

Signal 1/0—MPU (1/3 of total pads) 1,024 1,024 1,024 1,024 1,024 1,024 1,024

Power and ground pads—MPU 2,048 2,048 2,048 2,048 2,048 2,048 2,048

(2/3 of total pads)

Total pads—ASIC high-performance 5,400 5,600 6,000 6,000 6,200 6,200 6,200

Signal 1/0 pads—ASIC high-performance 2,700 2,800 3,000 3,000 3,100 3,100 3,100

Ee":f"g:rﬁggcgerg/‘z’%‘; foigf;;?s')c high- 2,700 | 2.800 | 3000 | 3000 | 3100 | 3100 | 3,100

Number of Total Package Pins—Maximum

[1]

. 800- 880— 880— 960- 960-— 1050- 1050-

IS |Microprocessor/controller, cost-performance 2075 @ 2930 5_4—23 5966 E 2018
IS |Microprocessor/controller, high-performance | 5896 6191 6501 6826 7167 7525 7902
IS _|ASIC (high-performance) 5896 | 6101 | 6501 | 6826 | 7167 | 7525 | 7902 |
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Table 4a Performance and Package Chips: Pads, Cost—Near-term Years UPDATED

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM %2 Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) (f) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13
Chip Pad Pitch (micron)
iziqultch—ball bond [no update - deleted by 35 35 30 30 25 25 25 20 20
Pad pitch—wedge bond 30 25 25 25 20 20 20 20 20
Pad Pitch—area array flip-chip (cost-
IS performance, high-performance) 150 130 130 130 120 120 120 110 110
IS |Pad Pitch—2-row staggered-pitch (micron) 50 50 45 45 40 40 35 35 35
IS |Pad Pitch—Three-tier-pitch pitch (micron) 60 55 50 50 45 45 40 40 35
Cost-Per-Pin
Package cost (cents/pin) (Cost per Pin Minimum
IS |for Contract Assembly — Cost-performance) — .67-1.17|.72-1.26 | .69-1.19 | .66-1.13 | .63-1.70 | .60-1.20 | .57-.97 | .54-.92 | .51-.87
minimum-maximum
Package cost (cents/pin) (Low-cost, hand-held
IS and memory) — minimum-maximum .27-50 | .28-53 | .27-.50 | .25-.48 | .24-.46 | .23-.44 | .22-.42 | .21-.40 | .20-.38
Table 4b  Performance and Package Chips: Pads, Cost—Long-term Years UPDATED
Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM %2 Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) (f) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Chip Pad Pitch (micron)
Pad pitch—ball bond [no update - deleted by 20 20 20 20 20 20 20
A&P]
Pad pitch—wedge bond 20 20 20 20 20 20 20
Pad Pitch—area array flip-chip (cost-
IS performance, high-performance) 100 100 25 25 20 20 85
IS |Pad Pitch—2-row staggered-pitch (micron) 35 35 35 35 35 35 35
IS |Pad Pitch—Three-tier-pitch pitch (micron) 35 35 35 35 35 35 35
Cost-Per-Pin
Package cost (cents/pin) (Cost per Pin
IS |Minimum for Contract Assembly — Cost- A8 -.83|.46-.79|.44-.75|.42-.71|.39- .68 |.37-.64|.36- .61
performance) — minimum—maximum
Package cost (cents/pin) (Low-cost, hand-held
IS and memory) — minimum-maximum .20-.36 | .20-.34 | .20-.32 | .20-.30 | .2-.29 2-.27 .2-.26
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Table 4c  Performance and Package Chips: Frequency On-chip Wiring Levels—Near-term Years UPDATED

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM %2 Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch (nm) (f) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13
Chip Frequency (MHz)

On-chip local clock [1] 5,204 6,783 9,285 | 10,972 | 12,369 | 15,079 | 17,658 | 20,065 | 22,980

Chip-to-board (off-chip) speed (high-

IS . 3,125 3,906 4,883 6,104 7,629 9,537 | 11,921 | 14,901 | 18,626
performance, for peripheral buses)[2]

IS I[\/3Ie]ix|*£m number wiring levels—maximum 15 15 15 16 16 16 16 16 17

IS ’[\/3IE]iXI/T:]m number wiring levels—minimum 11 11 11 12 12 12 12 12 13

Table 4d Performance and Package Chips: Frequency On-chip Wiring Levels—Long-term Years UPDATED

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) (f) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Chip Frequency (MHz)
On-chip local clock [1] 28,356 | 33,403 | 39,683 | 45,535 | 53,207 | 62,443 | 73,122
|g | Chip-to-board (off-chip) speed (high- 23283 | 29104 | 34.925 | 41,910 | 50,291 | 60.350 | 72.420
performance, for peripheral buses)[2]
Maximum number wiring levels—maximum
IS [3] [+¥] 17 17 17 18 18 18 18
IS ’[\/3IE]iXI/T:]m number wiring levels—minimum 13 13 13 14 14 14 14

Note for Tables 4c and 4d:

[1] The on-chip frequency is based on the fundamental transistor delay (defined by the PIDS TWG), and an assumed maximum number of 12 inverter
delays beginning 2007; after 2007, the PIDS model fundamental reduction rate of ~ -14.7% for the transistor delay results in a ~17.2% growth trend of
the on-chip frequency through 2020;

[2] The off-chip frequency, as defined by the Assembly and Packaging model, increases at a growth trend of 25% through 2017, then crosses over the
on-chip frequency. The off-chip frequency is expected to increase only for a small number of high-speed pins that will be used in combination with a
large number of lower speed pins.

[3] The minimum number of wiring levels represents the interconnect metal levels, and the maximum number of interconnect wiring levels includes the
Minimum number of wiring levels plus additional optional levels required for power, ground, signal conditioning, and integrated passives (i.e.,
capacitors).

*%; Interconnect table 81a&b is missing the # Metal Wiring Levels, and the "optional levels" (4) is incorrectly labeled as metal

wiring levels]
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Table 5a Electrical Defects—Near-term Years UPDATED

Year of Production 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPUJASIC Metal 1 (M1) % Pitch (nm) () 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13
DRAM Random Defect Dy at production chip si

WAS andom Detect Do &t production Chipsize) 5 517 | 2216 | 2,791 | 3516 | 2,215 | 2,791 | 3516 | 2215 | 2,791
and 89.5% yield (faults/m~) §

DRAM Random Defect Dy at production chip si
s ancom Letect Lo & production chipsize) -~ 5517 | 3517 | 3517 | 2057 | 2057 | 2057 | 2057 | 2957 | 2957
and 89.5% vyield (faults/m”) §

wasg |MPU Random Defect Do at production chipsize |y 2o | 551 | 1305 | 1757 | 2214 | 1,305 | 1757 | 2,214 | 1,395
and 83% yield (faults/ m”) 8§

1 |MPU Random Defect Do at production chip size | 305 | 1395 | 1305 | 1395 | 1395 | 1395 | 1395 | 1395 | 1395
and 83% yield (faults/ m®) 88
# Mask Levels—MPU 33 33 33 35 35 35 35 35 37
# Mask Levels—DRAM 24 24 24 24 24 26 26 26 26

Table 5b  Electrical Defects—Long-term Years UPDATED

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM %2 Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPUJASIC Metal 1 (M1) % Pitch (nm) () 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
DRAM Random Defect Do at production chip size and

WAS andoim DeleZt Do 8t production chip size an 3,516 2,215 2,791 3,516 2,215 2,791 3,516

89.5% yield (faults/m) §
DRAM Random Defect Do at production chip size and
s andom Deles! Do 8t produiction chip size an 2057 2057 2057 2057 2957 2957 2957
89.5% yield (faults/m~) §
MPU Random Defect Dy at production chip size and

WAS random Defect Do at production chip sizé an 1,757 2214 1,395 1,757 2,214 1,395 1,757

83% yield (faults/ m") §§
MPU Random Defect Dy at production chip size and

s rancom Defec! Do at prodtiction chip size an 1395 1395 1395 1395 1395 1395 1395
83% yield (faults/ m®) 88§
# Mask Levels—MPU 37 37 37 39 39 39 39
# Mask Levels—DRAM 26 26 26 26 26 26 26

Notes for Tables 5a and 5b:

Do — defect density

8 DRAM Model—Cell Area Factor (design/process improvement) targets are as follows:

1999-2007/8%: 2008-2020/6%. Due to the elimination of the “7.5,”” ““7,” and the “5” DRAM Cell design improvement Factors [a] in the latest 2005
ITRS DRAM consensus model, the addition of “Moore's Law" bits/chip slows from 2x every 2.5-3 years to 2x every three years.

DRAM product generations were increased by 4.x bits/chip every four years with interim 2x bits/chip generation. However, in the latest model 2005
ITRS timeframe:

1. at the Introduction phase, after the 16 Gbit generation, the introduction rate is 4x/six years (2 x/three years); and

2. at the Production phase, after the 4 Gbit generation, the introduction rate is 4x/six years (2x/three years).

88 MPU Chip Size Model—Both the cost-performance and high-performance MPUs InTER-generation production-level chip sizes are modeled to be
below affordable targets, which are flat through 2020 (280 mmzlcost-performance at introduction; 140 mmzlcost-performance at production;
310 mmzlhigh-performance at production). The MPU flat chip-size affordability model is accomplished by doubling the on-chip functionality every
technology cycle. Actual market chip sizes may exceed the affordability targets in order to continue the doubling of on-chip functionality on a shorter
cycle, but their unit costs and market values must be increased. In the 2005 ITRS, the MPU model now includes introduction-level high-performance
MPU targets that shrink to the “affordable” targets (the same way the DRAM model operates). The InTRA-generation chip size shrink model is 0.5x
every two-year density-driven technology cycle through 2004, and then 0.5x every three-year density-driven technology cycle after 2004, in order to
stay under the affordable flat-chip-size target.

Refer to the Glossary for definitions.
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Table 6a Power Supply and Power Dissipation—Near-term Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32

MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) (f) 90 78 68 59 52 45 40 36 32

MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13

Power Supply Voltage (V)

Vdd (high-performance) 1.1 1.1 1.1 1.0 1.0 1.0 1.0 0.9 0.9
Vgq (Low Operating Power, high Vg transistors) 0.9 0.9 0.8 0.8 0.8 0.7 0.7 0.7 0.6
Allowable Maximum Power [1]

High-performance with heatsink (W) 167 180 189 198 198 198 198 198 198
Maximum Affordable Chip Size Target for High-

performance MPU Maximum Power Calculation 310 310 310 310 310 310 310 310 310
Maximum High-performance MPU Maximum

Power Density for Maximum Power Calculation 0.54 0.58 0.61 0.64 0.64 0.64 0.64 0.64 0.64
Cost-performance (W) 91 98 104 111 116 119 119 125 137
Maximum Affordable Cr_up Size Target for Co_st- 140 140 140 140 140 140 140 140 140
performance MPU Maximum Power Calculation

Maximum Cost-performance MPU Maximum

Power Density for Maximum Power Calculation 0.65 0.70 0.74 0.79 0.83 0.85 0.85 0.89 0.98
Battery (W)—(low-cost/hand-held) 2.8 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0

[1] Power will be limited more by system level cooling and test constraints than packaging
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Table 6b  Power Supply and Power Dissipation—Long-term Years UPDATED

Year of Production 2014 2015 2016 2017 2018 2019 2020

DRAM ¥ Pitch (nm) (contacted) 28 25 22 20 18 16 14

MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) (f) 28 25 22 20 18 16 14

MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

Power Supply Voltage (V)

Vdd (high-performance) 0.9 0.8 0.8 0.7 0.7 0.7 0.7

Vyqg (Low Operating Power, high Vyq transistors) 0.6 0.6 0.5 1.0 0.5 0.5 0.5

Allowable Maximum Power [1]

High-performance with heatsink (W) 198 198 198 198 198 198 198

Maximum Affordable Chip Size Target for High-

performance MPU Maximum Power Calculation 310 310 310 310 310 310 310

Maximum High-performance MPU Maximum Power

Density for Maximum Power Calculation 064 064 064 064 064 064 064
IS |Cost-performance (W) 137 137 151 151 151 151 151

Maximum Affordable Chip Size Target for Cost-

performance MPU Maximum Power Calculation 140 140 140 140 140 140 140
IS [Maximum Cost-performance MPU Maximum Power

Density for Maximum Power Calculation 0.98 0.98 1.08 1.08 1.08 108 108

Battery (W)—(low-cost/hand-held) 3.0 3.0 3.0 3.0 3.0 3.0 3.0

[1] Power will be limited more by system level cooling and test constraints than packaging
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Table 7a Cost—Near-term Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥: Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) (f) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 23 20 18 16 14 13

Affordable Cost per Function ++

DRAM cost/bit at (packaged microcents) at

samples/introduction 5.3 3.7 2.6 19 1.3 0.93 0.66 0.46 0.33
Emmt?gztgb“ at (packaged microcents) at 1.9 14 | 096 | 068 | 048 | 034 | 024 | 017 | 012
e ey | 440 | @11 | 20 [ 196 | 10 | 70 | ss | a9 | 2
s sy mnaase ) | 26 | 18 | 13 | a4 | o7 | a7 | a3 | 24 | a7
High-performance MPU (microcents/transistor) 244 17.2 12.2 8.6 6.1 43 30 29 15

(including on-chip SRAM) at production §§

Table 7b  Cost—Long-term Years

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM %; Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) (f) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

Affordable Cost per Function ++

DRAM cost/bit at (packaged microcents) at

samples/introduction 0.23 0.16 0.12 0.08 0.06 0.04 0.03

DRAM cost/bit at (packaged microcents) at production § 0.08 0.06 0.04 0.03 0.02 0.01 0.01

Cost-performance MPU (microcents/transistor)

(including on-chip SRAM) at introduction 88§ 19 L4 0.97 0.69 0.49 0.34 0.24
Cost-performance MPU (microcents/transistor)

(including on-chip SRAM) at production 8§ 12 0.83 0.59 0.42 029 021 0.15
High-performance MPU (microcents/transistor) 11 0.76 054 0.38 027 019 013

(including on-chip SRAM) at production §§

Notes for Tables 7a and 7b:

++ Affordable packaged unit cost per function based upon average selling prices (ASPs) available from various analyst reports less gross profit
margins (GPMs); 35% GPM used for commodity DRAMs and 60% GPM used for MPUs; 0.5x/two years inTER-generation reduction rate model used;
.55 x/year inTRA-generation reduction rate model used; DRAM unit volume life-cycle peak occurs when inTRA-generation cost per function is crossed
by next generation, typically seven—eight years after introduction; MPU unit volume life-cycle peak occurs typically after four—six years, when the next
generation processor enters its ramp phase (typically two to four years after introduction).

§ DRAM Model—cell area factor (design/process improvement) targets are as follows:

1999-2007/8%: 2008-2020/6x%. Due to the elimination of the *7.5,” *“7,”” and the “5” DRAM cell design improvement factors [a] in the latest 2005
ITRS DRAM consensus model, the addition of "Moore's Law" bits/chip slows from 2x every 2.5-3 years to 2x every three years.

DRAM product generations were increased by 4.x bits/chip every four years with interim 2x bits/chip generation. However, in the latest model 2005
ITRS timeframe:

1. at the Introduction phase, after the 16 Gbit generation, the introduction rate is 4x/six years (2 x/three years); and

2. at the Production phase, after the 4 Ghit generation, the introduction rate is 4x/six years (2x/three years).

As a result of the DRAM consensus model changes for the 2005 ITRS, the INTER-generation chip size growth rate model target for Production-phase
DRAM products remains “flat™ at less than 140 mmz, similar to the MPU model. However, with the elimination of some of some of “cell area factor”
reductions, the flat-chip-size model target requires the bits/chip “Moore’s Law” model for DRAM products to increase the time for doubling bits per
chip to an average of 2x per 3 years (see ORTC Table 1c and d).

Furthermore, the cell array efficiency (CAE — the Array % of total chip area) was corrected to 56.1% after 2008, since only the storage cell array area
benefits from the 6x *“cell area factor”” improvement, not the periphery. This CAE change in the model puts even additional pressure on the
Production-phase product chip size to meet the target flat-chip-size model. It can be observed in the latest table 1c and d model data that the INTRA-
generation chip size shrink model is still 0.5x every technology cycle (to 0.71x reduction) in-between cell area factor reductions.
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88 MPU Chip Size Model—Both the cost-performance and high-performance MPUs InTER-generation production-level chip sizes are modeled to be
below affordable targets, which are flat through 2020 (280 mmz/cost-performance at introduction; 140 mmzlcost-performance at production;

310 mm2/high-performance at production). The MPU flat chip-size affordability model is accomplished by doubling the on-chip functionality every
technology node cycle. Actual market chip sizes may exceed the affordability targets in order to continue the doubling of on-chip functionality on a
shorter cycle, but their unit costs and market values must be increased. In the 2005 ITRS, the MPU model now includes introduction-level high-
performance MPU targets that shrink to the ““affordable” targets (the same way the DRAM model operates). The InTRA-generation chip size shrink
model is 0.5x every two-year density-driven technology cycle through 2004, and then 0.5x every three-year density-driven technology cycle after 2004,
in order to stay under the affordable flat-chip-size target.

Refer to the Glossary for definitions.
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2006 UPDATE: WORKING GROUP SUMMARIES

SYSTEM DRIVERS

The 2006 update of the System Drivers Chapter is a step in the direction of market-driven drivers that reflect the demands
of a 21st-century roadmap. Driving towards the 2007 version of the roadmap, the set of main drivers is moving towards
becoming a market-driven set, including driver segments such as office, consumer mobile drivers. This year one more
driver is added, the consumer stationary driver that represents a high-performance version of the increasingly important
consumer electronics market. Other existing drivers have been reviewed to ensure the direction is appropriate. A complete
set of market-driven drivers is expected for the 2007 version of the System Drivers roadmap, for which the plan is on
track.

DESIGN

After going through a major overhaul in the 2005 version, the 2006 design chapter update now features a full quantitative
design technology roadmap. This year's update has focused primarily on providing meaningful updates of some of the
figures, dates, and challenge items provided, including moderate revisions of the System-Level and Verification Sections
and minor revisions of the rest of the sections. An increasing number of sections includes a table that relates challenges
and solutions. Although a one-on-one relationship is usually not warranted, it is quite helpful in certain parts of the design
flow. The 2007 version of this chapter will continue in this direction while increasingly accounting for alternative
integration methods that add on to Moore's Law (heterogenous systems, system-in-packege (SIP), etc.).

TEST AND TEST EQUIPMENT

The 2006 update to the ITRS Test Chapter is focused on minor corrections to previously published trend information.
Corrections occurred to the Multi-Site wafer probing table where the parallelism for low performance microcontrollers
was reduced. The Multi-Site efficiency numbers for the long-term years 2014 thru 2020 were omitted in the 2005
roadmap and have been included in the 2006 tables. NAND wafer and packaged unit test parallelism roadmap has been
pulled in by 2 years and the NAND roadmap has been updated to reflect a higher bus performance starting in 2010. The
system-oc-chip (SOC) roadmap reflects a push out of some defect models and analog test standards as progress in these
areas have not kept up with the previous forecast. The mixed signal bandwidth and sampling rate roadmaps have been
pulled in by a couple of years. This update does not identify any fundamental changes to the industry roadmap.

The 2005 roadmap did not contain the definitions of high, medium, or low “performance” for the various device types
included in the tables. For the 2006 update, low end logic devices have fewer than 150 signal pins and an I/O bit rate of
less than 400 Mbps. High performance Flash has an I/O bit rate of greater than 125 Mbps. The definition of performance
is not static and should change over the duration of this roadmap. A table for high, medium, and low end performance
will be further included in 2007 roadmap.

2007 international technology working group (ITWG) activities are focused on refining the full 2005 chapter rewrite and
fleshing out areas that were not fully addressed. The rapid adoption of system-in-package (SIP), SOC, and NAND
devices has been driving some trends faster than expected, which has resolved some difficult challenges but created
others that will require new methodology such as testing SIP die “hidden” by other die.

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2006 UPDATE



20 2006 Update: Working Group Summaries

PROCESS INTEGRATION, DEVICES AND STRUCTURES

The 2006 PIDS chapter is mainly unchanged from the 2005 edition. There are minor updates and corrections, but major
changes will await the 2007 edition. The exception is in the Logic Technology Requirements tables, where there are
notable changes in the timing of the projected deployment of several key technology innovations. Specifically, for high-
performance and low operating power (LOP) logic, the projected implementation of high-k gate dielectric and metal gate
electrode is delayed from 2008 (as forecasted in the 2005 ITRS) until 2010. Also, the projected implementation of fully
depleted ultra-thin body (FD-UTB) silicon-on-insulator (SOI) MOSFETs for high-performance logic is delayed from
2008 (as forecasted in the 2005 ITRS) until 2010. The reason for these delays is that it now seems unlikely that the
integrated circuit (IC) industry will find it feasible to deploy these innovations as early as 2008. However, for low
standby power (LSTP) logic, the projected implementation of high-k gate dielectric and metal gate electrode is in 2008, as
forecasted in the 2005 ITRS. For LSTP, the relatively thick dielectric equivalent oxide thickness of 1.6 nm in 2008 and
the potential use of fully silicided gate electrodes make the 2008 projected deployment more feasible than for LOP and
high-performance logic.

The consequences of the delay in deploying high-k gate dielectric and metal gate electrode were analyzed for the affected
years, 2008 and 2009. The scaling of the equivalent oxide thickness of the gate dielectric is slowed in 2008 and 2009
compared to that in the 2005 PIDS tables in order to keep the gate leakage current within tolerable limits. Other
consequences for those two years include increases in the source/drain leakage current and some slowing in the scaling of
the transistor intrinsic delay, z. Furthermore, 7 = CVy4/lgsat, where C is the load capacitance, Vyq is the power supply
voltage, and lyg is the transistor saturation drive current. Since C is inversely proportional to the equivalent oxide
thickness, both C and Iy, are reduced for 2008 and 2009. See the text and the updated technology requirements tables
for details.

RADIO FREQUENCY AND ANALOG/MIXED-
SIGNAL TECHNOLOGIES FOR WIRELESS COMMUNICATIONS

STATE OF WIRELESS TECHNOLOGIES 2006—ITRS PERSPECTIVE

Radio frequency (RF) and analog mixed-signal technologies serve the rapidly growing wireless communications market
and represent essential and critical technologies for the success of many semiconductor manufacturers. Communications
products may replace computers as a key driver of volume manufacturing. Consumer products now account for over half
of the demand for semiconductors." For example, third generation (3G) cellular phones now have a much higher
semiconductor content and now are 50 % of the cellular phone market compared to only 5 % of the market a few years
ago. The consumer portions of wireless communications markets are very sensitive to cost. With different technologies
capable of meeting technical requirements, time to market and overall system cost will govern technology selection.

The boundary between silicon-based and III-V semiconductors continues to move to higher frequencies with time.
Frequency will be less important for defining the boundaries among technologies and other parameters such as noise
figure, output power, power-added efficiency, linearity and ultimately cost will become more important. This shift in
importance from frequency to parameters such as those listed in the previous sentence is already occurring for power
amplifiers.

For CMOS, the long term prediction of device RF and noise performance becomes more uncertain with the introduction
of metal gate electrodes (2009), high permittivity (high-k) gate dielectrics (2009), and new device structures such as fully
depleted and/or double-gated silicon-on-insulator (SOI) (2015). The trend of higher integration and performance levels
for logic with mixed-signal circuitry leads to steadily increasing digital processing capabilities that enable more signal
treatments to be done in the digital domain.

For bipolar, the key driving forces include speed, power consumption, noise, and breakdown.

For passive devices, the biggest challenges are integrating them into a digital CMOS process and the trade-off between
processing cost and device performance.

For power amplifiers—mobile, the nearly fixed battery voltages and ruggedness requirements tend to slow technology
evolution. Highly integrated modules with multi-layer laminates are dramatically reducing total RF front end area.

1p H. Singer, "Dramatic Gains in Performance on the Horizon," editorial in Semiconductor International, Vol. 29, No. 8, 29, July
2006, page 15.
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For power amplifiers—basestation, the device cost is projected to steadily decrease from about $0.70/Watt today to less
than $0.50/Watt by 2008 and the applications space is moving from 2 GHz and below to higher frequencies, such as
worldwide interoperability for microwave access (WiMAX) at 3.5 GHz and from saturated power amplifiers to more
linear amplifiers to support code division multiple access (CDMA) and wideband CDMA (WCDMA).

For millimeter wave applications, InP-based RF transistors have demonstrated very high frequencies and GaN transistors
have demonstrated record power densities at 40 GHz of 10W/mm with 40 Volts drain bias. GaN is advancing much more
quickly than predicted in 2003 and 2004.

Future wireless challenges include signal isolation and the software defined radio (SDR). A signal isolation roadmap
with quantitative technical requirements is very difficulty because agreement on which figures of merit and measurements
to use does not exist. The SDR presents many issues such as the analog-to-digital (ADC) performance, transmitter
solutions, and cost.

EMERGING RESEARCH DEVICES

The teams for Emerging Research Devices, including Emerging Research Materials, were very active in 2006, preparing
for the complete revision of the material in 2007. Updates and changes are deferred until the 2007 ITRS.

FRONT END PROCESSES

Updates to the Front End Processes (FEP) chapter in 2006 have been minimal except in the area of thermal/thin films (see
below). A few changes have been made to the FEP Difficult Challenges, Table 66a and Table 66b. In Table 66a we
recognize that local strain has been integrated into current IC manufacturing and should be extendable to at least the
32 nm generation. In Table 66b we note that continued scaling of local strain will be a challenge beyond the 32 nm
generation. We also note that implementation of high-k gate stack materials in low standby power (LSTP) applications
should be achievable, while implementation of these materials in high performance (HP) logic and low operating power
(LOP) applications is still considered a difficult challenge. Introduction of 450 mm wafers in 2012 is still considered a
difficult challenge facing numerous issues.

In the Starting Materials and Surface Preparation sections of this chapter we included a few minor updates in the color
indications. Starting Materials particle metrics for 2011 have been changed from yellow to white and Surface Preparation
material loss metrics for 2008 and beyond have been changed from red to “interim solutions are known”. In the Surface
Preparation Potential Solutions chart, Figure 57, we have indicated a delay in the potential introduction of supercritical
CO, methods to manufacturing.

Updates for Thermal/Thin Films, Doping and Etching are centered on the timing for introduction of high-x/metal advance
gate stack materials and also for introduction of fully depleted silicon on insulator (FDSOI). The updates to Table 69a
reflect a push back of the introduction of advanced gate materials for HP logic and for LOP to the year 2010. The
introduction of advanced gate stack materials for LSTP remains in 2008. Also, the introduction of FDSOI for HP logic
has been pushed back to 2010. These changes for advanced gate stack and FDSOI were made after extensive discussion
with the Process Integration, Devices, and Structures (PIDS) Technology Working Group (TWG) and reflect the expected
readiness of these new materials for commercial production.

For dynamic random access memory (DRAM) Stacked Capacitor we have made some changes in the potential solutions
chart, Figure 61, for high-x materials. For DRAM Trench Capacitor the use of NO dielectric has been extended through
the 70 nm generation, with high-k materials being introduced at the 65 nm generation. In addition, for the DRAM Trench
Capacitor new integration schemes to be introduced at 40 nm will reduce the thermal budget for the cell capacitor. Thus a
more aggressive scaling of the capacitance equivalent oxide thickness (CET) will be possible. As a consequence the
trench aspect ratio can be kept at less than 100 down to the 28 nm generation.

For Flash Non-Volatile Memory a new row has been added to Table 72 for the “STI Filling Aspect Ratio”. A footnote
has also been added to Table 72 to explain this new row. For Phase Change Memory (PCM) a new table has been
introduced to indicate two important metrics for PCM scaling: phase change material conformality and minimum
operating temperature.

Finally, for ferroelectric RAM (FeRAM), a note has been added about the implementation issues with BFO (BiFeO3) and
other ferroelectric materials. In addition the FeERAM Potential Solutions chart, Figure 65, has been updated to include
BFO.
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LITHOGRAPHY
The following updates were made to the Lithography chapter for 2006:

DIFFICULT CHALLENGES
*  Double exposure / patterning

Overlay of multiple exposures including mask image placement

Availability of software to split the pattern apply optical proximity correction (OPC), and verify the quality
of the split while preserving critical features and maintaining no more than two exposures for arbitrary
designs

Availability of high productivity scanner, track, and process to maintain low cost-of-ownership
Photoresists with independent exposure of multiple passes

Fab logistics and process control to enable low cycle time impact that include on-time availability of
additional reticles and efficient scheduling of multiple exposure passes

TECHNOLOGY REQUIREMENTS
e Mask tables

Color changes only: based on improvements in the industry

*  Optical mask tables, extreme ultra-violet lithography (EUVL) mask tables, and imprint template
tables

Added lines for double exposure (mask image placement and mask critical dimension (CD) mean)
Corrected data volume values for EUVL

¢ Resist tables

Added lines for defects in double exposure processes

*  Maskless lithography

POTENTIAL
e 45nm
e 32nm
e 22/16nm

Two lines added for grid size and data volume

SOLUTIONS

193i/H,O

ADDED 193i double patterning
1931 with other fluids

EUV, maskless lithography (ML2)

EUV

ADDED 193i double patterning

1931 with other fluids and lens materials
ML2, Imprint

No dramatic changes

Changed order of ML2, Imprint

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2006 UPDATE



2006 Update: Working Group Summaries 23

INTERCONNECT

It should be noted that for the 2006 ITRS Interconnect roadmap, the title of the primary technology requirements table has
been expanded to include ASICs and is now “MPU and ASIC Interconnect Technology Requirements.”

Also for 2006, in recognition of the increasing importance of the dynamic power dissipated in the interconnect structure, a
new power metric has been added to the MPU and ASIC Technology Requirements Tables. The power metric is the
power (measured in Watts) dissipated per Ghz of frequency and cm” of metal layer. The power metric is shown as a range
for each of the roadmap years. Although the power metric is seen to plateau for the long-term years due to aggressive
introduction of low-« dielectrics, the power dissipated in the interconnect structure will still increase dramatically due to
higher frequencies and increases in the number of metal layers. Note that this metric is a measure of the dynamic power
associated with the interconnect structure and the actual power dissipation of a specific MPU or ASIC will be a function
of architecture and implementation of power saving design features. This power metric will also serve as a key
benchmark so that future interconnect alternatives, such as radio frequency (RF), optical or carbon nanotubes, can be
compared to conventional wiring technology.

In addition to the power metric, the capacitance per unit length for Metal 1, intermediate, and minimum global wiring
layers has also been added to the tables for 2006. The Cu resistivity of these layers had been added in prior years and with
the addition of capacitance, the RC values can easily be calculated.

The metric for Interlevel-metal insulator—bulk dielectric constant (k) has also been changed for 2006. In prior roadmaps,
this metric had been listed as the minimum expected for each year. This metric has been replaced with a range of values
depicting both the most aggressive bulk dielectric constant expected as well as a more realistic case. This range of bulk k
values was then used to calculate the metric which lists the range of « ¢ values for each of the roadmap years.

One of the grand challenges for interconnect is the result of the rapid introductions of new materials/processes that are
necessary to meet conductivity requirements and reduce the dielectric permittivity. These create integration, cost, and
reliability challenges.

Another of the grand challenges is the variability associated with line edge roughness, trench and via depth and profile,
etch bias, thinning due to cleaning and CMP as well as size effects.

Traditional interconnect scaling will no longer satisfy performance requirements. Defining and finding solutions beyond
copper and low k will require material innovation, combined with accelerated design, packaging and unconventional
interconnect.

FACTORY INTEGRATION

SUMMARY

The 2006 Factory Integration section of the ITRS focuses on integrating all the factory components that are needed to
efficiently produce the required products on schedule and in the right volumes while meeting cost targets. Realizing the
potential of Moore’s Law requires taking full advantage of device feature size reductions, new materials, yield
improvement to near 100%, wafer size increases, other manufacturing productivity improvements and preserving the
decades-long trend of 30% per year reduction in cost per function. To continue this pace requires the vigorous pursuit of
the following fundamental manufacturing attributes: maintaining cost per unit area of silicon, decreasing factory ramp
time, and increasing factory flexibility to changing technology and business needs.

Factory Integration addresses several challenges that threaten to slow the industry’s growth, including:

1. Integrating complex business models with complex factories—Rapid changes in semiconductor technologies,
business requirements, and the need for faster product delivery, high mix, and volatile market conditions are making
it difficult for factories to effectively meet accelerated ramp and yield targets over time.

2. Production equipment reliability, utilization, and extendibility—Production equipment must keep up with availability
and utilization targets, which has an enormous impact on capital and operating costs.

3. Maturing 300mm factory challenges— The semiconductor industry is now focusing on maturity of 300mm factories
and hence 300mm efficiency must be improved and sustained while improving cost and cycle time targets. The ever-
exploding factory data quantity and complexity need to be addressed as well.
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4. Post Bulk CMOS and next wafer size manufacturing paradigm—Conversion to novel devices and the 450mm wafers
represent key inflection points for semiconductor manufacturing and represents another opportunity to improve
manufacturing cost effectiveness and the industry’s ability to continue realizing Moore’s law.

WHAT'S NEW FOR FACTORY INTEGRATION IN 20067

The Factory Integration team completed minor updates to Operations, Equipment, Information & Control, AMHS and
Facilities technology requirements tables. These changes corrected some of the errors from 2005 and also updated metric
values that reflect the collective input from various members.

The team also worked on key focus areas such as: a) 300 Prime/450mm—defining requirements, constraints, partnerships
with other efforts and timing, including, 300 Prime—to ensure current 300mm install base productivity improvements; b)
proactive visualization—definition, impact due to high mix and small lot, factory metrics, intrinsic equipment loss
through B/A metric and cycle time; c) design for facilities—adapter plate, power and water usage; d) equipment sleep
mode—efforts kicked off to conserve power and time synchronization for factory applications.

In addition, Factory Integration worked with several other technology working groups (TWGs): Lithography, Front End
Processes (FEP), Environment, Safety, & Health (ESH), Yield Enhancement, Assembly & Packaging, Test, Interconnect,
and Metrology on cross-cut issues. Key topics were: extreme ultraviolet lithography (EUVL) requirements, the green fab
initiative, 1.5mm wafer edge exclusion, adapter plate, fab humidity control, and single wafer versus batch processing for
thermal processes and 450mm cross-cut issues.

In 2007, the Factory Integration team will continue to work on technology requirements, potential solutions (several
updates were proposed in 2006 but are planned for insertion in 2007 since the team is working on supporting materials).
The team will continue to work on key focus areas and with cross TWGs to address cross-cut issues in order to develop
cogent technology requirements and potential solutions to enable our factories to effectively address the next
business/manufacturing/technology challenges.

ASSEMBLY AND PACKAGING

The pace of change in assembly and packaging has accelerated as packaging is increasingly a limiting factor for both
product cost and performance. Many of the tables have been updated to reflect these rapid changes. The major changes
include:

The Difficult Challenges (Table 93) were amended to add issues associated with very small and very high
frequency integrated circuits and the rapidly emerging requirements for packaging very thin die.

Extensive revisions in Tables 94 reflect changes in the projected technologies for chip to package
interconnect. New entries were added for complex ICs in harsh environments since packageing
requirements in this category can not be adequately covered by the existing categories.

The Materials Challenges (Table 95) update reflects the impact of changes in government regulations and
the impact of demand for every thinner packages to accommodate requirements of portable consumer
products.

Chip to Package Substrates (Table 96) have tape-automated bonding added reflecting the solder bump flip
chip technology providing cost/performance advantages in spcific packaging applications.

Package Substrate Physical Properties (Table 98) have been updated to incorporate additional parameters
for thermal properties that are increasingly critical for higher temperature, smaller form factor packages.

ENVIRONMENT, SAFETY, AND HEALTH

For 2005 the ESH chapter has been fully reorganized following a major revision of the ESH Difficult Challenges that
now address the four categories: Chemicals and Materials Management, Process and Equipment Management, Facilities
Energy and Water Optimization, and Sustainability and Product Stewardship. The revised Difficult Challenges are now
more reflective of their multiple functions to be able to incorporate external influences (e.g., regulatory) on semiconductor
technology development, serve as a more effective "filter" to evaluate the technology thrust needs, and identify intrinsic
needs for ESH R&D. There has been further elimination of repetitive technical requirements that are considered ESH
maintenance of business such as tool safety audits, which do not themselves require development, but are a method used
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to evaluate tools entering the marketplace. Increasing emphasis has been placed on the need to understand and manage
materials and material alternatives, given the growth in public policy concern over use of chemicals for which little ESH
characterization is available. In addition, Product Stewardship has been formerly identified as an ESH challenge with
appropriate technical requirements, as there grows increasing emphasis in the market over reducing hazardous content of
products.

The 2006 Update revisions to the Environment, Safety, and Health chapter were minor and are summarized as follows.
Roman numerals were added in Tables 104a & b, ESH Intrinsic Requirements, to indicate the major headings and
distinguish them from sub-section titles. In Tables 105a & b, the word “lowest” (regarding ESH impact) was replaced
with “low”, indicative of the ever-changing nature of process materials and their critical process performance
requirements. Additionally, a footnote was added to these tables to show mathematically the definition for the word
“utilization”, as used in the text. The title of Tables 106a & b was changed to align with the categories in Table 103, ESH
Difficult Challenges. Also, minor changes were made to the wording around “idle water and energy usage”. The last
change worth noting included the addition of “Optimization of CMP Water Use at Idle” as a potential ESH solution in
Figure 100.

YIELD ENHANCEMENT

The Yield Enhancement ITWG updated the tables regarding the topics Defect Budget and Yield Model, Defect Detection
and Characterization and Wafer Environment and Contamination Control for the 2006 electronic update. The key
challenges remain similar as 2005. The most important challenge will be the signal-to-noise ratio for defect inspection
tools. Currently, inspection systems are expected to detect defects of sizes scaling down in the same way or even faster as
feature sizes requested by technology generations. Increasing the inspection sensitivity at the same time increases the
challenge to find small but yield-relevant defects under a vast amount of nuisance, false defects. In parallel a low cost of
ownership of the tools demands for high throughput inspection.

Other topics challenging the Yield Enhancement community are prioritized as follows:

e  High Throughput Logic Diagnosis Capability—identification and tackling of systematic yield loss mechanisms.

e  Detection of Multiple Killer Defect Types—and simultaneous differentiation at high capture rates, low cost of
ownership and throughput.

e  High-Aspect-Ratio Inspection—need for high-speed and cost-effective high aspect ratio inspection tools remains as
the work around using e-beam inspection does not at all meet requirement for throughput and low cost.

. Process Stability vs. Absolute Contamination Level Including the Correlation to Yield—data, test structures, and
methods are needed for correlating process fluid contamination types and levels to yield and determine required
control limits.

e In-line Defect Characterization and Analysis—as an alternative to EDX analysis systems. The focus is on light
elements, small amount of samples due to particle size and microanalysis

e  Wafer Edge and Bevel Control and Inspection—in order to find the root cause inspection of wafer edge, bevel and
apex on front and backside is needed

o Data Management and Test Structures for Rapid Yield Learning—to enable the rapid root-cause analysis of yield-
limiting conditions

o  Development of Parametric Sensitive Yield Models—including new materials, (OPC) — optical proximity correction
and considering the high complexity of integration

The Yield Enhancement chapter consists of four subchapters as Yield Learning, Defect Budget and Yield Model, Defect

Detection and Characterization, and Wafer Environment and Contamination Control. The major work during 2006 was

the control and update of the tables. The changes summarizes as follows:

DEFECT BUDGET AND YIELD MODEL

This update includes standardization of chip size for PWP calculation and correction of unmarked errors. Additionally,
“Ymaterial’ is newly introduced to separate starting material based yield degradation from process based one. It is a
solution against modification of yield equation previously proposed by FEP ITWG.

DEFECT DETECTION AND CHARACTERIZATION

The table 113 was checked carefully against latest developments for defect inspection and detection. Discussions and
adjustments regarding the estimation of impact of roughness on non patterned inspection and definitions for coordinate
precision were performed.
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WAFER ENVIRONMENT AND CONTAMINATION CONTROL

Table 115 has been updated especially in discussions with Lithography and Front-end processing working groups. It
needs to be considered that the table does not only consider contaminations but also wafer environment process variables,
which can be yield determining similar to contaminants. New process materials will continue to drive the list of ionic and
other elemental impurities to be specified and monitored. Accurate liquid particle measurements continue to be a
challenge at current and future device geometries. Organic contaminations require continued attention since many
parameters used to specify and monitor are still not specific enough and do not pinpoint the contamination mechanisms
clearly enough.

METROLOGY

During 2006, participation in the Metrology TWG increased. Supplier representation became more visible, and those
members provided key insight for the group. Some of the changes initiated in 2006 will receive addition scrutiny in 2007,
especially the impact of dual patterning on metrology. Changes in wafer level lithography metrology for CD were based
on recent data showing in increased capability of CD metrology. Tightened tolerances for overlay indicate the need for
acceleration of improvements in overlay metrology. In addition, the uncertainty associated with the timing of dual
patterning combined with the lack of metrology for dual patterning a significant issue. Changes in the timing of the
introduction of high « and low k change the timing of some metrology requirements.

MODELING AND SIMULATION

Similar to the other chapters of the ITRS, in the Modeling and Simulation chapter only the tables have been revised in the
2006 Update. Important other developments like the further increasing interdependencies with the other chapters of the
ITRS, e.g., concerning Design for Manufacturing, have been discussed but can and will only be presented in the next full
version of the ITRS in 2007. This is intended to further promote the usefulness of Modeling and Simulation to improve
the physical understanding in semiconductor technology and to reduce development times and costs.

Concerning the Modeling and Simulation challenges, only some details of the six short-term and the four long-term
challenges for Modeling and Simulation were changed: Concerning the short-term challenges, lithography simulation was
extended by the inclusion of multiple exposure/patterning, which has during the last months got high and urgent interest
to enable the printing of smaller feature sizes. Electromagnetic field effects have been explicitly mentioned because their
accurate treatment is getting indispensable for sufficiently accurate simulation. Ultimate nanoscale CMOS simulation
capability was extended by the explicit inclusion of novel memory devices, such as magnetic RAM (MRAM) and
programmable RAM (PRAM). Furthermore, reliability modeling for ultimate CMOS has been highlighted. Thermal-
mechanical-electrical modeling for interconnections and packaging was extended to include 3D integration. Concerning
the long-term challenges, nanoscale modeling was extended to explicitly include non-charge state devices, which are in
detail discussed in the Emerging Research Devices (ERD) section of the ITRS. Optoelectronics modeling was extended to
include optical couplers.

Whereas the fields of requirements have not changed, several details, including some timelines, were modified or added
in view of the changes in industrial needs and state-of-the-art. Among the most significant changes is the more detailed
requirement on the lithography options, referring especially to the several upcoming generations of immersion
lithography. The newly required multiple exposure option especially affects resist modeling. For device modeling,
updates refer especially to (quasi-)ballistic transport and quantum effects.

As with the long-term challenges, the long-term requirements interactions with the ERD and Emerging Research
Materials (ERM) part of the ITRS increasingly get important. In the 2006 update this has been documented among others
by the inclusion of ERD devices in the long-term requirements for Numerical Device Simulation.

Concerning the Modeling and Simulations requirements tables, an important change has been the separation between the
absolute accuracy of a model or simulator (after calibration to a certain technology, e.g., one company’s 90 nm
technology), and the accuracy of the sensitivity w.r.t. technological input parameters: for example, if the critical
dimension (CD) of a gate is changed due to a change in exposure dose, that CD change should be predicted by simulation
with an error of less than 10%.
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GLOSSARY

KEY ROADMAP TECHNOLOGY CHARACTERISTICS TERMINOLOGY
(WITH OBSERVATIONS AND ANALYSIS)

CHARACTERISTICS OF MAJOR MARKETS

Technology Cycle Time Period—The timing to deliver 0.71x reduction per period or 0.50 reduction per two periods of a
product-scaling feature. The minimum half-pitch Metal 1 scaling feature of custom-layout (i.e., with staggered
contacts/vias) metal interconnect is most representative of the process capability enabling high-density (low cost/function)
integrated DRAM and MPU/ASIC circuits, and is selected to define an ITRS Technology Cycle. The Flash product
technology cycle timing is defined by the uncontacted dense line half-pitch. For each product-specific technology cycle
timing, the defining metal or polysilicon half-pitch is taken from whatever product has the minimum value. Historically,
DRAMs have had leadership on metal pitch, but this could potentially shift to another product in the future.

Other scaling feature parameters are also important for characterizing IC technology. The half-pitch of first-level stagger-
contacted interconnect dense lines is most representative of the DRAM technology level required for the smallest
economical chip size. However, for logic, such as microprocessors (MPUs), the physical bottom gate length isolated
feature is most representative of the leading-edge technology level required for maximum performance, and includes
additional etch process steps beyond lithography printing to achieve the smallest feature targets. MPU and ASIC logic
interconnect half-pitch processing requirement typically refers to the first stagger-contacted metal layer (M1) and
presently lags slightly behind DRAM stagger-contacted M1 half-pitch. The smallest half-pitch is typically found in the
memory cell area of the chip. Each technology cycle time (0.71% reduction per cycle period, 0.50x reduction per two
cycle periods) step represents the creation of significant technology equipment and materials progress in the stagger
contacted metal half-pitch (DRAM, MPU/ASIC) or the uncontacted polysilicon (Flash product).

Example: DRAM half pitches of 180 nm, 130 nm, 90 nm, 65 nm, 45 nm, 32 nm, and 22 nm.

Moore’s Law—An historical observation by Intel executive, Gordon Moore, that the market demand (and semiconductor
industry response) for functionality per chip (bits, transistors) doubles every 1.5 to 2 years. He also observed that MPU
performance [clock frequency (MHz) x instructions per clock = millions of instructions per second (MIPS)] also doubles
every 1.5 to 2 years. Although viewed by some as a “self-fulfilling” prophecy, “Moore’s Law” has been a consistent
macro trend and key indicator of successful leading-edge semiconductor products and companies for the past 30 years.

Cost-per-Function Manufacturing Productivity Improvement Driver—In addition to Moore’s Law, there is a historically-
based “corollary” to the “law,” which suggests that to be competitive manufacturing productivity improvements must also
enable the cost-per-function (microcents per bit or transistor) to decrease by -29% per year. Historically, when
functionality doubled every 1.5 years, then cost-per-chip (packaged unit) could double every six years and still meet the
cost-per-function reduction requirement. If functionality doubles only every three years, as suggested by consensus
DRAM and MPU models of the 2005 ITRS, then the manufacturing cost per chip (packaged unit) must remain flat.

Affordable Packaged Unit Cost/Function—Final cost in microcents of the cost of a tested and packaged chip divided by
Functions/Chip. Affordable costs are calculated from historical trends of affordable average selling prices [gross annual
revenues of a specific product generation divided by the annual unit shipments] less an estimated gross profit margin of
approximately 35% for DRAMs and 60% for MPUs. The affordability per function is a guideline of future market “tops-
down” needs, and as such, was generated independently from the chip size and function density. Affordability
requirements are expected to be achieved through combinations of—1) increased density and smaller chip sizes from
technology and design improvements; 2) increasing wafer diameters; 3) decreasing equipment cost-of-ownership;
4) increasing equipment overall equipment effectiveness; 5) reduced package and test costs; 6) improved design tool
productivity; and 7) enhanced product architecture and integration.

DRAM and Flash Generation at (product generation life-cycle level)—The anticipated bits/chip of the DRAM or Flash
product generation introduced in a given year, manufacturing technology capability, and life-cycle maturity
(Demonstration-level, Introduction-level, Production-level, Ramp-level, Peak).

Flash Single-Level Cell (SLC)—A flash non-volatile memory cell with only one physical bit of storage in the cell area.
Flash Multi-Level Cell (MLC)—The ability to electrically store and access two bits of data in the same physical area.
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MPU Generation at (product generation life-cycle level)—The generic processor generation identifier for the anticipated
MPU product generation functionality (logic plus SRAM transistors per chip) introduced in a given year, manufacturing
technology capability, and life-cycle maturity (Introduction-level, Production-level, Ramp-level, Peak).

Cost-Performance MPU—MPU product optimized for maximum performance and the lowest cost by limiting the amount
of on-chip SRAM level-two (L2) cache (example 1 Mbytes/2001). Logic functionality and L2 cache typically double
every two to three-year technology cycle (0.71x/cycle period) generation.

High-performance MPU—MPU product optimized for maximum system performance by combining a single or multiple
CPU cores (example two cores at 25 Mt cores in 2002) with a large (example 4 Mbyte/2002) level-two (L2) SRAM.
Logic functionality and L2 cache typically double every two to three-year technology cycle (0.71%/cycle period)
generation by doubling the number of on-chip CPU cores and associated memory.

Product inTER-generation—Product generation-to-generation targets for periodically doubling the on-chip functionality
at an affordable chip size. The targets are set to maintain Moore’s Law (2x/two years) while preserving economical
manufacturability (flat chip size and constant manufacturing cost per unit). This doubling every two years at a constant
cost assures that the cost/function reduction rate (inverse productivity improvement) is -29% per year (the target historical
rate of reduction). In order to double the on-chip functionality every two years, when technology cycle scaling (.7x linear,
.5x area) is every three years, the chip size must increase.

The present 2005 ITRS consensus target for the time between a doubling of DRAM bits/chip has increased from 2x
bits/chip every two years to 2x/chip every three years average. Historically, DRAM cell designers achieved the required
cell-area-factor improvements, however, the slower bits/chip growth is required due to the new consensus 2005 ITRS
forecast of cell-area-factor improvement to 6 by 2008, but flat thereafter... Presently, the MPU transistor area is shrinking
only at lithography-based rate (virtually no design-related improvement). Therefore, the 2005 ITRS MPU inTER-
generation functionality model target is 2x transistors/chip every technology cycle time, in order maintain a flat maximum
introductory and affordable production chip size growth throughout the roadmap period.

Product inTRA-generation—Chip size shrink trend within a given constant functions-per-chip product generation. The
2003 ITRS consensus-based model targets reduce chip size (by shrinks and “cut-downs”) utilizing the latest available
manufacturing and design technology at every point through the roadmap. The ITRS targets for both DRAM and MPU
reduce chip size within a generation by minus 50% per 0.71x technology cycle timing.

Year of Demonstration—Year in which the leading chip manufacturer supplies an operational sample of a product as a
demonstration of design and/or technology node processing feasibility and prowess. A typical venue for the
demonstration is a major semiconductor industry conference, such as the International Solid State Circuits Conference
(ISSCC) held by the Institute of Electrical and Electronic Engineers (IEEE). Demonstration samples are typically
manufactured with early development or demonstration- level manufacturing tools and processes. Historically, DRAM
products have been demonstrated at 4x bits-per-chip every three to four years at the leading-edge process technology
node, typically two—three years in advance of actual market introduction. DRAM demonstration chip sizes have doubled
every six to eight years, requiring an increasing number of shrinks and delay before market introduction is economically
feasible. Frequently, chip sizes are larger than the field sizes available from lithography equipment, and must be
“stitched” together via multiple-exposure techniques that are feasible only for very small quantities of laboratory samples.
Example: 1997/ISSCC/1Gb DRAM, versus ITRS 1Gb 1999 Introduction-level, 2003 Production-level targets.

Year of INTRODUCTION—Year in which the leading chip manufacturer supplies small quantities of engineering samples
(<1K). These are provided to key customers for early evaluation, and are manufactured with qualified production tooling
and processes. To balance market timeliness and economical manufacturing, products will be introduced at 2x
functionality per chip every technology cycle reduction (0.71%/cycle period), unless additional design-factor improvement
occurs, which allows additional chip shrinking or additional functionality per chip. In addition, manufacturers will delay
production until a chip-size shrink or “cut-down” level is achieved which limits the inTER-generation chip-size growth to be flat.

Year of PRODUCTION—Year in which at least one leading chip manufacturers begins shipping volume quantities
(initially, at least 10K/month) of product manufactured with customer product qualified* production tooling and
processes and is followed within three months by a second manufacturer. (*Note: Start of actual volume production ramp
may vary between one to twelve months depending upon the length of the customer product qualification). As demand
increases for the leading-edge performance and shrink products, the tooling and processes are being quickly “copied” into
multiple modules of manufacturing capacity.

For high-demand products, volume production typically continues to ramp to fab design capacity within twelve months.
Alpha-level manufacturing tools and research technology papers are typically delivered 24-36 months prior to volume
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production ramp. Beta-level tools are typically delivered 12-24 months prior to ramp, along with papers at industry
conferences. The beta-level tools are made production-level in pilot-line fabs, which must be ready up to 12-24 months
prior to Production Ramp “Time Zero” [see Figure 3 in the Executive Summary] to allow for full customer product
qualification. The production-level pilot line fabs may also run low volumes of product that is often used for customer
sampling and early qualification prior to volume production ramp. Medium-volume production-level DRAMs will be in
production concurrently with low-volume introduction-level DRAMs, and also concurrently with very-high-volume,
shrunken,  previous-generation = DRAMs  (example:  2003: 1 Gb/production, 4 G/introduction,  plus
512 Mb/256 Mb/128 Mb/64 Mb high-volume). Similarly, high-volume cost-performance MPUs are in production
concurrently with their lower-volume, large-chip, high-performance MPU counterparts, and also with very-high volume
shrinks of previous generations.

Functions/Chip—The number of bits (DRAMs) or logic transistors (MPUs/ASICs) that can be cost-effectively
manufactured on a single monolithic chip at the available technology level. Logic functionality (transistors per chip)
include both SRAM and gate-function logic transistors. DRAM functionality (bits per chip) is based only on the bits
(after repair) on a single monolithic chip.

Chip Size (mmz)—The typical area of the monolithic memory and logic chip that can be affordably manufactured in a
given year based upon the best available leading-edge design and manufacturing process. (Estimates are projected based
upon historical data trends and the ITRS consensus models).

Functions/cm’—The density of functions in a given square centimeter = Functions/Chip on a single monolithic chip
divided by the Chip Size. This is an average of the density of all of the functionality on the chip, including pad area and
wafer scribe area. In the case of DRAM, it includes the average of the high-density cell array and the less-dense
peripheral drive circuitry. In the case of the MPU products, it includes the average of the high-density SRAM and the
less-dense random logic. In the case of ASIC, it will include high-density embedded memory arrays, averaged with less
dense array logic gates and functional cores. In the 2003 ITRS, the typical high-performance ASIC design is assumed to
have the same average density as the high-performance MPUs, which are mostly SRAM transistors.

DRAM Cell Array Area Percentage—The maximum practical percentage of the total DRAM chip area that the cell array
can occupy at the various stages of the generation life cycle. At the introduction chip size targets, this percentage must be
typically less than 70% to allow space for the peripheral circuitry, pads, and wafer scribe area. Since the pads and scribe
area do not scale with lithography, the maximum cell array percentage is reduced in other inTRA-generation shrink levels
(typically less than 63% at the production level, and less than 50-55% for smaller previous generation shrunk die at the
high-volume ramp level).

DRAM Cell Area (umz)—The area (C) occupied by the DRAM memory bit cell, expressed as multiplication of a specified
ITRS-consensus cell area factor target (A) times the square of the minimum half-pitch feature (f) size, that is: C = Af>. To
calculate the chip size, the cell area must be divided by the array efficiency, a factor (E) that is statistically derived from
historical DRAM chip analysis data. Thus an average cell area (Cayg) can be calculated, which is burdened by the
overhead of the drivers, I/O, bus lines, and pad area. The formula is: C5yg = C/E.

The total chip area can then be calculated by multiplying the total number of bits/chip times the Cayg.

Example: 2000: A=8; square of the half-pitch, = (180 nm)2=.032 umz; cell area, C=Af=0.26 ung for 1Gb
introduction-level DRAM with a cell efficiency of E=70% of total chip area, the Cayg =C/E=0.37 pmz; therefore, the
1 Gb Chip Size Area=2"bits * 0.37e-6 mm?/bit = 397 mm™.

DRAM Cell Area Factor—A number (A) that expresses the DRAM cell area (C) as a multiple of equivalent square half-
pitch (f) units. Typically, the cell factor is expressed by equivalent aspect ratios of the half-pitch units (2x4=8, 2x3=6,
2x2=4, etc.).

Flash Cell Area Factor—Similar to DRAM area factor for a single-level cell (SLC) size. However, the Flash technology
has the ability to store and electrically access two bits in the same cell area, creating a multi-level-cell (MLC) “virtual”
per-bit size that is one-half the size of an SLC product cell size and will also have a “virtual area factor” that is half of the
SLC Flash Product.

SRAM Cell Area Factor—Similar to the DRAM area factor, only applied to a 6-transistor (6t) logic-technology latch-type
memory cell. The number expresses the SRAM 6t cell area as a multiple of equivalent square technology-node half-pitch
(f) units. Typically, the cell factor of the SRAM 6t cell is 16-25 times greater than a DRAM memory cell area factor.

Logic Gate Cell Area Factor—Similar to the DRAM and SRAM cell area factors, only applied to a typical 4-transistor
(4t) logic gate. The number expresses the logic 4t gate area as a multiple of equivalent square technology-node half-pitch
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(f) units. Typically, the cell factor of the logic 4t gate is 2.5-3 times greater than an SRAM 6t cell area factor, and 40—-80
times greater than a DRAM memory cell area factor.

Usable Transistors/cm? (High-performance ASIC, Auto Layout)—Number of transistors per cm’ designed by automated
layout tools for highly differentiated applications produced in low volumes. High-performance, leading-edge, embedded-
array ASICs include both on-chip array logic cells, as well as dense functional cells (MPU, I/O, SRAM, etc). Density
calculations include the connected (useable) transistors of the array logic cells, in addition to all of the transistors in the
dense functional cells. The largest high-performance ASIC designs will fill the available production lithography field.

CHIP AND PACKAGE—PHYSICAL AND ELECTRICAL ATTRIBUTES

Number of Chip I/Os-Total (Array) Pads—The maximum number of chip signal I/O pads plus power and ground pads
permanently connected to package plane for functional or test purposes, or to provide power/ground contacts (including
signal conditioning). These include any direct chip-to-chip interconnections or direct chip attach connections to the board
(Package plane is defined as any interconnect plane, leadframe, or other wiring technology inside a package, i.e., any
wiring that is not on the chip or on the board). MPUs typically have a ratio of signal I/O pads to power/ground pads of
1:2, whereas the high-performance ASIC ratio is typically 1:1.

Number of Chip 1/Os-Total (Peripheral) Pads—The maximum number of chip signal I/O plus power and ground pads for
products with contacts only around the edge of a chip.

Pad Pitch—The distance, center-to-center, between pads, whether on the peripheral edge of a chip, or in an array of pads
across the chip.

Number of Package Pins/Balls—The number of pins or solder balls presented by the package for connection to the board
(may be fewer than the number of chip-to-package pads because of internal power and ground planes on the package
plane or multiple chips per package).

Package Cost (Cost-performance)—Cost of package envelope and external I/O connections (pins/balls) in cents/pin.

CHIP FREQUENCY (MHZ2)

On-Chip, Local Clock, High-performance—On-chip clock frequency of high-performance, lower volume microprocessors
in localized portions of the chip.

Chip-To-Board (Off-chip) Speed (High-performance, Peripheral Buses)—Maximum signal I/O frequency to board
peripheral buses of high and low volume logic devices.

OTHER ATTRIBUTES

Lithographic Field Size (mm?—Maximum single step or step-and-scan exposure area of a lithographic tool at the given
technology node. The specification represents the minimum specification that a semiconductor manufacturer might
specify for a given technology node. The maximum field size may be specified higher than the ORTC target values, and
the final exposure area may be achieved by various combinations of exposure width and scan length.

Maximum Number of Wiring Levels—On-chip interconnect levels including local interconnect, local and global routing,
power and ground connections, and clock distribution.

FABRICATION ATTRIBUTES AND METHODS

Electrical Dy Defect Density (d/m'z)—Number of electrically significant defects per square meter at the given technology
node, production life-cycle year, and target probe yield.

Minimum Mask Count—Number of masking levels for mature production process flow with maximum wiring level (Logic).

MAXIMUM SUBSTRATE DIAMETER (MM)

Bulk or Epitaxial or Silicon-on-Insulator Wafer—Silicon wafer diameter used in volume quantities by mainstream IC
suppliers. The ITRS timing targets, contributed by the Factory Integration ITWG, are based on the first 20K wafer-starts-
per-month manufacturing facility.
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ELECTRICAL DESIGN AND TEST METRICS
POWER SUPPLY VOLTAGE (V)
Minimum Logic Vd¢—Nominal operating voltage of chips from power source for operation at design requirements.

Maximum Power High-performance with Heat Sink (W)—Maximum total power dissipated in high-performance chips
with an external heat sink.

Battery (W)—Maximum total power/chip dissipated in battery operated chips.

DESIGN AND TEST

Volume Tester Cost/Pin ($K/pin)—Cost of functional (chip sort) test in high volume applications divided by number of
package pins.
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APPENDIX A—LIST OF UPDATES

OVERALL RoADMAP TECHNOLOGY CHARACTERISTICS

Table 1a
Table 1b
Table 1c

Table 1d

Table le
Table 1f
Table 1g

Table 1h

Table 1i

Table 1j

Table 2a
Table 2b
Table 3a
Table 3b
Table 4a
Table 4b
Table 4c
Table 4d
Table 5a
Table 5b
Table 6a
Table 6b
Table 7a
Table 7b

Product Generations and Chip Size Model Technology Trend Targets—Near-term Years
Product Generations and Chip Size Model Technology Trend Targets—Long-term Years

DRAM and Flash Production Product Generations and Chip Size Model—
Near-term Years UPDATED

DRAM and Flash Production Product Generations and Chip Size Model—
Long-term Years UPDATED

DRAM Introduction Product Generations and Chip Size Model—Near-term Years UPDATED
DRAM Introduction Product Generations and Chip Size Model—Long-term Years UPDATED

MPU (High-volume Microprocessor) Cost-Performance Product Generations and
Chip Size Model—Near-term Years UPDATED

MPU (High-volume Microprocessor) Cost-Performance Product Generations and
Chip Size Model—Long-term Years UPDATED

High-Performance MPU and ASIC Product Generations and Chip Size Model—Near-term Years
High-Performance MPU and ASIC Product Generations and Chip Size Model—Long-term Years
Lithographic-Field and Wafer-Size Trends—Near-term Years

Lithographic-Field and Wafer Size Trends—Long-term Years

Performance of Packaged Chips: Number of Pads and Pins—Near-term Years UPDATED
Performance of Packaged Chips: Number of Pads and Pins—Long-term Years UPDATED
Performance and Package Chips: Pads, Cost—Near-term Years UPDATED

Performance and Package Chips: Pads, Cost—Long-term Years UPDATED

Performance and Package Chips: Frequency On-chip Wiring Levels—Near-term Years UPDATED
Performance and Package Chips: Frequency On-chip Wiring Levels—Long-term Years UPDATED
Electrical Defects—Near-term Years UPDATED

Electrical Defects—Long-term Years UPDATED

Power Supply and Power Dissipation—Near-term Years

Power Supply and Power Dissipation—Long-term Years UPDATED

Cost—Near-term Years

Cost—Long-term Years

SYSTEM DRIVERS
SOC Consumer Stationary Driver (SOC-CS) section ADDED

Figure 16
Figure 17
Figure 18
Figure 19

Table 8
Table 9
Table 10
Table 11a
Table 11b

SOC Consumer Stationary Architecture Template ADDED
SOC Consumer Stationary Design Complexity Trends ADDED
SOC Consumer Stationary Performance Trends ADDED

SOC Consumer Stationary Power Consumption Trends ADDED

Major Product Market Segments and Impact on System Drivers
SOC-PE Design Productivity Trends

Projected Mixed-Signal Figures of Merit for Four Circuit Types
Embedded Memory Requirements—Near-term

Embedded Memory Requirements—Long-term*
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DESIGN

Design Verification Section UPDATED

Figure 20
Figure 22
Figure 23

Table 12
Table 13a
Table 13b
Table 14
Table 15a
Table 15b
Table 16a
Table 16b
Table NEW
Table 17a
Table 17b
Table 18a
Table 18b
Table 19
Table 20
Table 21

System Level Design Potential Solutions UPDATED
Verification Technology Landscape UPDATED
Design Verification Potential Solutions UPDATED

Overall Design Technology Challenges

System Level Design Requirements—Near-term Years UPDATED

System Level Design Requirements—Long-term Years UPDATED
Correspondence between Requirements and Solutions
Logic/Circuit/Physical Design Technology Requirements—Near-term Years
Logic/Circuit/Physical Design Technology Requirements—Long-term Years
Design Verification Requirements—Near Term ADDED

Verification Requirements—Long Term ADDED

Verification: Correspondence between Requirements and Solutions ADDED
Design for Test Technology Requirements—Near-term Years

Design for Test Technology Requirements—Long-term Years
Design-for-Manufacturability—Near-term Years UPDATED
Design-for-Manufacturability—Long-term Years UPDATED

Near-term Breakthroughs in Design Technology for AMS

Additional Design Technology Requirements

Design Technology Improvements and Impact on Designer Productivity

TEST AND TEST EQUIPMENT

Table 22

Table 23a
Table 23b
Table 24

Table 25a
Table 25b
Table 26a
Table 26b
Table 27a
Table 27b
Table 28a
Table 28b
Table 29a
Table 29b
Table 30a
Table 30b
Table 31a
Table 31b
Table 32a
Table 32b
Table 33a
Table 33b
Table 34a
Table 34b
Table 35a
Table 35b

Summary of Key Test Drivers, Challenges, and Opportunities

Multi-site Wafer Test (Package Test) for Product Segments—Near-term Years UPDATED
Multi-site Wafer Test (Package Test) for Product Segments—Long-term Years UPDATED
SOC Model

System on Chip Test Requirements—Near-term Years UPDATED

System on Chip Test Requirements—Long-term Years UPDATED

Logic Test Requirements—Near-term Years

Logic Test Requirements—Long-term Years

Commodity DRAM Test Requirements—Near-term Years UPDATED
Commodity DRAM Test Requirements—Long-term Years UPDATED
Commodity Flash Memory Test Requirements—Near-term Years UPDATED
Commodity Flash Memory Test Requirements—Long-term Years UPDATED
Embedded Memory (DRAM and Flash) Test Requirements—Near-term Years
Embedded Memory (DRAM and Flash) Test Requirements—Long-term Years
Mixed-signal Test Requirements—Near-term Years UPDATED

Mixed-signal Test Requirements—Long-term Years UPDATED

Burn-in Requirements—Near-term Years

Burn-in Requirements—Long-term Years

Handler (Memory—Pick and Place) Requirements—Near-term Years UPDATED
Handler (Memory—Pick and Place) Requirements—Long-term Years UPDATED
Handler (Logic—Pick and Place) Requirements—Near-term Years

Handler (Logic—Pick and Place) Requirements—Long-term Years

Handler (Network and Communications—Pick and Place)—Near-term Years
Handler (Network and Communications—Pick and Place)—Long-term Years
Prober (Logic MPU—Pick and Place) Requirements—Near-term Years

Prober (Logic MPU—Pick and Place) Requirements—Long-term Years
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Table 37
Table 38a
Table 38b
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Test Handler and Prober Difficult Challenges UPDATED

Probe Card Difficult Challenges—Near-term Years

Wafer Probe Technology Requirements—Near-term Years UPDATED
Wafer Probe Technology Requirements—Long-term Years UPDATED

PROCESS INTEGRATION, DEVICES, AND STRUCTURES

Table 39a
Table 39b
Table 40a
Table 40b
Table 41a
Table 41b
Table 41c
Table 41d
Table 42a
Table 42b
Table 43a
Table 43b
Table 44

Table 45a
Table 45b

Process Integration Difficult Challenges—Near-term

Process Integration Difficult Challenges—Long-term

High-Performance Logic Technology Requirements—Near-term UPDATED
High-Performance Logic Technology Requirements—Long-term

Low Standby Power Technology Requirements—Near-term

Low Standby Power Technology Requirements—Long-term

Low Operating Power Technology Requirements—Near-term UPDATED
Low Operating Power Technology Requirements—Long-term

DRAM Technology Requirements—Near-term

DRAM Technology Requirements—Long-term

Non-Volatile Memory Technology Requirements—Near-term
Non-Volatile Memory Technology Requirements—Long-term

Reliability Difficult Challenges

Reliability Technology Requirements—Near-term

Reliability Technology Requirements—Long-term

RF AND ANALOG/MIXED-SIGNAL TECHNOLOGIES FOR WIRELESS COMMUNICATIONS

Table 46a
Table 46b
Table 47a

Table 47b

Table 48a
Table 48b
Table 49a
Table 49b
Table 50a
Table 50b
Table 51

RF and Analog Mixed-Signal CMOS Technology Requirements—Near-term Years
RF and Analog Mixed-Signal CMOS Technology Requirements—Long-term Years

0.8 GHz-10 GHz RF and Analog Mixed-Signal Bipolar Technology Requirements—
Near-term Years UPDATED

0.8 GHz-10 GHz RF and Analog Mixed-Signal Bipolar Technology Requirements—
Long-term Years UPDATED

Passives Technology Requirements—Near-term Years

Passives Technology Requirements—Long-term Years

Power Amplifier Technology Requirements—Near-term Years

Power Amplifier Technology Requirements—Long-term Years

Base Station Devices Technology Requirements—Near-term Years

Base Station Devices Technology Requirements—Long-term Years

Millimeter Wave 10 GHz—100 GHz Technology Requirements—Near-term Years UPDATED

EMERGING RESEARCH DEVICES

Table 52
Table 53
Table 54
Table 55
Table 56
Table 57
Table 58
Table 59
Table 60
Table 61
Table 62
Table 63
Table 64
Table 65

Difficult Challenges—Emerging Research Device Technologies

Difficult Challenges—Emerging Research Materials Technologies

Memory Taxonomy

Current Baseline and Prototypical Memory Technologies

Transition Table for Emerging Memory Devices

Emerging Research Memory Devices—Demonstrated and Projected Parameters
Transition Table for Emerging Logic Devices

Emerging Research Logic Devices—Demonstrated Projected Parameters

Critical Emerging Research Materials’ Properties

Emerging Research Architecture Implementations

Circuit and/or Architecture Implementations—Theory and Experiment

Estimated Parameters for Emerging Research Devices and Technologies in the year 2016
Performance Evaluation for Emerging Research Memory Device Technologies (Potential)
Performance Evaluation for Emerging Research Logic Device Technologies (Potential)

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2006 UPDATE



36 Appendix A—List of Updates

FRONT END PROCESSES

Table 66a Front End Processes Difficult Challenges—Near-term Years UPDATED

Table 66b Front End Processes Difficult Challenges—Long-term Years UPDATED

Table 67a Starting Materials Technology Requirements—Near-term Years UPDATED

Table 67b Starting Materials Technology Requirements—Long-term Years

Table 68a Surface Preparation Technology Requirements—Near-term Years UPDATED

Table 68b Surface Preparation Technology Requirements—Long-term Years UPDATED

Table 69a Thermal and Thin Film, Doping and Etching Technology Requirements—Near-term Years UPDATED
Table 69b Thermal and Thin Film, Doping and Etching Technology Requirements—Long-term Years
Table 70a DRAM Stacked Capacitor Films Technology Requirements—Near-term Years

Table 70b DRAM Stacked Capacitor Films Technology Requirements—Long-term Years

Table 71a DRAM Trench Capacitor Technology Requirements—Near-term Years UPDATED

Table 71b DRAM Trench Capacitor Technology Requirements—Long-term Years UPDATED

Table 72a FLASH Non-volatile Memory Technology Requirements—Near-term Years UPDATED
Table 72b FLASH Non-volatile Memory Technology Requirements—Long-term Years UPDATED
Table PCM  Phase Change Memory (PCM) Technology Requirement UPDATED

Table 73a FeRAM Technology Requirements—Near-term Years

Table 73b FeRAM Technology Requirements—Long-term Years

LITHOGRAPHY
Figure 67 Lithography Exposure Tool Potential Solutions UPDATED

Table 74 Various Techniques for Achieving Desired CD Control and Overlay
with Optical Projection Lithography

Table 75a Lithography Difficult Challenges UPDATED

Table 75b Lithography Difficult Challenges UPDATED

Table 76a Lithography Technology Requirements—Near-term Years

Table 76b Lithography Technology Requirements—Long-term Years

Table 77a Resist Requirements—Near-term Years UPDATED

Table 77b Resist Requirements—Long-term Years UPDATED

Table 77c Resist Sensitivities

Table 78a Optical Mask Requirements—Near-term Years UPDATED

Table 78b Optical Mask Requirements—Long-term Years UPDATED

Table 78c EUVL Mask Requirements—Near-term Years UPDATED

Table 78d EUVL Mask Requirements—Long-term Years UPDATED

Table 78e Imprint Template Requirements—Near-term Years UPDATED

Table 78f Imprint Template Requirements—Long-term Years

Table ML2 Maskless Lithography Technology Requirements ADDED

INTERCONNECT

Table 79 Interconnect Difficult Challenges
Table 80a MPU and ASIC Interconnect Technology Requirements—Near-term Years UPDATED
Table 80b MPU and ASIC Interconnect Technology Requirements—Long-term Years UPDATED

Table 81a DRAM Interconnect Technology Requirements—Near-term Years

Table 81b DRAM Interconnect Technology Requirements—Long-term Years

Table 82a Interconnect Surface Preparation Technology Requirements*—Near-term Years
Table 82b Interconnect Surface Preparation Technology Requirements*—Long-term Years
Table 83 Options for Global Interconnects Beyond the Metal/Dielectric System
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FACTORY INTEGRATION

Table 84a
Table 84b
Table 85

Table 86a
Table 86b
Table 87a
Table 87b
Table 88a
Table 88b
Table 89a

Table 89b

Table 90a
Table 90b
Table 91
Table 92

Factory Integration Difficult Challenges—Near-term

Factory Integration Difficult Challenges—Long-term

Key Focus Areas and Issues for FI Functional Areas Beyond 2005

Factory Operations Technology Requirements—Near-term Years UPDATED
Factory Operations Technology Requirements—Long-term Years

Production Equipment Technology Requirements—Near-term Years

Production Equipment Technology Requirements—Long-term Years

Material Handling Systems Technology Requirements—Near-term Years UPDATED
Material Handling Systems Technology Requirements—Long-term Years UPDATED

Factory Information and Control Systems Technology Requirements—
Near-term Years UPDATED

Factory Information and Control Systems Technology Requirements—
Long-term Years UPDATED

Facilities Technology Requirements—Near-term Years UPDATED
Facilities Technology Requirements—Long-term Years UPDATED
Crosscut Issues Relating to Factory Integration

List of Next Wafer Size Challenges

ASSEMBLY AND PACKAGING

Table 93a
Table 93b
Table 94a
Table 94b
Table MEMs
Table 95
Table 96a
Table 96b
Table 97a
Table 97b
Table 98a
Table 98b
Table 98c
Table 98d
Table 99
Table 100
Table 101a
Table 101b
Table 102a
Table 102b

Assembly and Packaging Difficult Challenges—Near-term UPDATED
Assembly and Packaging Difficult Challenges—Long-term UPDATED
Single-chip Packages Technology Requirements—Near-term Years UPDATED
Single-chip Packages Technology Requirements—Long-term Years UPDATED
Functional and Packaging Requirements for MEMS

Materials Challenges UPDATED

Chip to Package Substrate—Near-term Years UPDATED

Chip to Package Substrate—Long-term Years UPDATED

Substrate to Board Pitch—Near-term Years UPDATED

Substrate to Board Pitch—Long-term Years UPDATED

Package Substrate Physical Properties—Near-term Years UPDATED

Package Substrate Physical Properties—Long-term Years UPDATED

Package Substrate Design Parameters—Near-term Years

Package Substrate Design Parameters—Long-term Years

Package Level System Integration UPDATED

Processes used for SiP

System-in-a-Package Requirements—Near-term Years UPDATED
System-in-a-Package Requirements—Long-term Years UPDATED

Thinned Silicon Wafer Thickness 200 mm/300 mm—Near-term Years

Thinned Silicon Wafer Thickness 200 mm/300 mm—Long-term Years

ENVIRONMENT, SAFETY, AND HEALTH

Figure 98
Figure 99
Figure 100

Table 103a
Table 103b
Table 104a
Table 104b
Table 105a

Potential Solutions for ESH: Chemicals and Materials Management UPDATED
Potential Solutions for ESH: Process and Equipment Management UPDATED
Potential Solutions for ESH: Facilities Energy and Water Optimization UPDATED

ESH Difficult Challenges—Near-term UPDATED

ESH Difficult Challenges—Long-term UPDATED

ESH Intrinsic Requirements—Near-term Years

ESH Intrinsic Requirements—Long-term Years

Chemicals and Materials Management Technology Requirements—Near-term Years*UPDATED
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Table 105b
Table 106a
Table 106b
Table 107a
Table 107b

Chemicals and Materials Management Technology Requirements—Long-term Years*UPDATED
Facilities Energy and Water Optimization Technology Requirements—Near-term Years UPDATED
Facilities Energy and Water Optimization Technology Requirements—Long-term Years UPDATED
Sustainability and Product Stewardship Technology Requirements—Near-term Years
Sustainability and Product Stewardship Technology Requirements—Long-term Years

YIELD ENHANCEMENT

Table 108 Definitions for the Different Interface Points
Table 109 Yield Enhancement Difficult Challenges UPDATED
Table 110 Defect Budget Technology Requirement Assumptions UPDATED
Table 111a  Yield Model and Defect Budget MPU Technology Requirements—Near-term Years UPDATED
Table 111b  Yield Model and Defect Budget MPU Technology Requirements—Long-term Years UPDATED
Table 112a  Yield Model and Defect Budget DRAM Technology Requirements—Near-term Years UPDATED
Table 112b  Yield Model and Defect Budget DRAM Technology Requirements—Long-term Years UPDATED
Table 113a  Defect Detection Technology Requirements—Near-term Years UPDATED
Table 113b  Defect Detection Technology Requirements—Long-term Years UPDATED
Table 114a  Yield Learning Technology Requirements—Near-term Years
Table 114b Yield Learning Technology Requirements—Long-term Years
Table 115a  Technology Requirements for Wafer Environmental Contamination Control—
Near-term Years UPDATED
Table 115b  Technology Requirements for Wafer Environmental Contamination Control—
Long-term Years UPDATED
METROLOGY
Table 116 Metrology Difficult Challenges
Table 117a  Metrology Technology Requirements—Near-term Years
Table 117b Metrology Technology Requirements—Long-term Years
Table 118a  Lithography Wafer Metrology Technology Requirements—Near-term Years UPDATED
Table 118b  Lithography Wafer Metrology Technology Requirements—Long-term Years UPDATED
Table 119a  Lithography Metrology (Mask) Technology Requirements: Optical—Near-term Years
Table 119b Lithography Metrology (Mask) Technology Requirements: Optical—Long-term Years
Table 119c Lithography Metrology (Mask) Technology Requirements: EUV—Near-term Years
Table 119d Lithography Metrology (Mask) Technology Requirements: EUV—Long-term Years
Table 120a  Front End Processes Metrology Technology Requirements—Near-term Years UPDATED
Table 120b  Front End Processes Metrology Technology Requirements—Long-term Years UPDATED
Table 121a Interconnect Metrology Technology Requirements—Near-term Years
Table 121b Interconnect Metrology Technology Requirements—Long-term Years
MODELING
Table 122 Modeling and Simulation Difficult Challenges UPDATED
Table 123a  Modeling and Simulation Technology Requirements: Capabilities—Near-term Years UPDATED
Table 123b  Modeling and Simulation Technology Requirements: Capabilities—Long-term Years UPDATED
Table 124 Modeling and Simulation Technology Requirements: Accuracy and Speed—

Near-term Years UPDATED

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2006 UPDATE





