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MOS Transistor Scaling
(1974 to present)

S=0.7
[0.5x per 2 nodes]
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( )NTRS National Technology Roadmap for Semiconductors
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2003 2003 2018 15
3 2001
90nmDRAM 2003
04 04
2001 130 nm 1 1999 2002 2001
350 nm/1995 2 1997 250 nm
1999 180 nm 2003
350nm/1995, 250nm/1998,
180nm/2000, 130nm/2002 2 2001
1 2003 2003
2001 100nm 2003 110nm 130nm/2002 90nm/2004
2 2
7 2003-2018 DRAM
DRAM
MPU Micro-Processor Unit ASIC
2004 DRAM ITRS
7
DRAM 180nm
2003 ITRS
50 1995
350 nm
C
PRZ’ZZ 2 v | 1995 | 1998 | 2000 | 2002 | 2008 | 2004 | 2006 | 2007 | 2009 | 2010 | 2012 | 2013 | 2015 | 2016 | 2018
hp90o hp65 hp45 hp32 hp22
Calculated
KZ:?Z”S 360 | 255 | 180 | 127.3 | 101 | 90 | 714 | 636 | 505 | 45 | 357 | 31.8 | 253 | 225 | 17.9
(nm)
ITRS
Rounded
Node 350 | 250 | 180 | 130 | 100 | 90 | 70 | 65 | 50 | 45 | 35 | 32 | 25 | 22 | 18
Numbers
(nm)
100nm
ITRS
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100 nm/2003 2003
hpXX 70 nm/2006; 50 nm/2009; 35nm/2012; 25 nm/2015 1
2001 2010/hp45/45nm; 2013/hp32/32nm; 2016/hp22/22nm
2012/35nm; 2015/25nm; 2018/18nm
2003 1
la 1b
2001
MPU 2001
2005 MPU 32 nm 70 /2
DRAM 3
8
ORTC
ORTC
ITRS
2
2004
2009 2012 2015
3 2001
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2003 ITRS Technology Trends - 1/2 Pitch
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2 3
4
2003 ITRS
DRAM
/
DRAM 1990
MPU DRAM
DRAM
2003 DRAM
2
DRAM
DRAM
DRAM
ORTC
2003 ITRS
la 1b ITRS
DRAM MPU
MPU/ASIC -
DRAM ASIC/
MPU
DRAM DRAM
995 2001 16 / 30%
11/ 30% /3
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Year of Production

2003

2004

2005

2006 2007 2008 2009

Technology Node

hp9o

hp65

DRAM % Pitch (nm)

100

90

80

70 65 57 50

MPU/ASIC Metal 1 (M1) ¥ Pitch (nm)

120

107

95

85 76 67 60

MPU/ASIC ¥ Pitch (nm) (Un-contacted Poly)

107

90

80

70 65 57 50

MPU Printed Gate Length (nm) 11

65

53

45

40 35 32 28

MPU Physical Gate Length (nm)

45

37

32

28 25 22 20

ASIC/Low Operating Power Printed Gate
Length (nm) 11

90

75

65

53 45 40 35

ASIC/Low Operating Power Physical Gate
Length (nm)

65

53

45

37 32 28 25

Year of Production

2010

2012

2013 2015 2016 2018

Technology Node

hp45

hp32 hp22

DRAM % Pitch (nm)

45

35

32 25 22 18

MPU/ASIC Metal 1 (M1) ¥ Pitch (nm)

54

42

38 30 27 21

MPU/ASIC % Pitch (nm) (Un-contacted Poly)

45

35

32 25 22 18

MPU Printed Gate Length (nm) 11

25

20

18 14 13 10

MPU Physical Gate Length (nm)

18

14

13 10 9 7

ASIC/Low Operating Power Printed Gate
Length (nm) 11

32

25

22 18 16 13

ASIC/Low Operating Power Physical Gate
Length (nm)

22

18

16 13 11 9

la 1

+MPU ASIC

photoresist

ITRS
(MPU)

2000/2001

FEP
ITWG

Front End Processes
PIDs Design

2003 2003

1999

90nm

ITRS

as printed in
(as etched in polysilicon)

Process Integration, Devices, and Structures

110-120nm
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(ORTC)

1 DRAM —
Year of Production 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009
Technology Node hp9o hp65
DRAM ¥ Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) % Pitch (nm) 120 107 95 85 76 67 60
MPU/ASIC % Pitch (nm) (Un-contacted Poly) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 11 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
Cell area factor [a] 8 8 7.5 7 7 6 6
Cell area [Ca = af] (mnP) 0.082 | 0.065 | 0.048 | 0.036 | 0.028 | 0.019 | 0.015
Cell array area at production (% of chip size) §|63.00% | 63.00% | 63.00% | 63.00% | 63.00% | 63.00% | 63.00%
Generation at production § 1G 1G 1G 2G 2G 4G 4G
Functions per chip (Gbits) 1.07 1.07 1.07 2.15 2.15 4.29 4.29
Chip size at production (mm?)§ 139 110 82 122 97 131 104
Gbits/cn? at production § 0.77 0.97 131 1.76 2.22 3.27 4.12
1 DRAM —

Year of Production 2010 | 2012 | 2013 | 2015 | 2016 | 2018

Technology Node hp45 hp32 hp22

DRAM %z Pitch (nm) 45 35 32 25 22 18

MPU/ASIC Metal 1 (M1) % Pitch (nm) 54 42 38 30 27 21

MPU/ASIC %5 Pitch (nm) (Un-contacted

Poly) 45 35 32 25 22 18

MPU Printed Gate Length (nm) 11 25 20 18 14 13 10

MPU Physical Gate Length (nm) 18 14 13 10 9 7

Cell area factor [a] 6 6 6 6 5 5

Cell area [Ca = aF] (mn¥) 0.012 | 0.0077 | 0.0061 | 0.0038 | 0.0025 | 0.0016

Cell array area at production (% of chip

size) § 63.00% | 63.0% | 63.0% | 63.0% | 63.0% | 63.0%

Generation at production § 4G 8G 8G 169 32G 32G

Functions per chip (Gbits) 4.29 8.59 8.59 17.18 | 34.36 | 34.36

Chip size at production (mmé)§ 83 104 83 104 138 87

Gbits/cn? at production § 5.19 8.23 10.37 | 16.46 | 24.89 | 39.51
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9 (ORTC)

1 1

§DRAM /
1999-2004/8%;2005/7 5x 2006-2007/7x; 2008-2015/6x 2016-2018/5%. 6
[a] 2003 2008 5 1.5 2
2 2003 25 3 2 2004 3
DRAM 2x / 4 4x /
1. Introduction 16G 4x/5 2x/3
2. Production 1G 4x/5  2x/2 3
InTER-generation
140mm*
2 x/2 2%/3 2x/2°5 1
63
InTRA-generation
0.5%
Introduction Production InTER-generation InTRA-generation
le DRAM —
Year of Production 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009
Technology Node hp9o hp65
DRAM % Pitch (nm) 100 90 80 70 65 57 50
DRAM % Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) 4 Pitch (nm) 120 107 95 85 76 67 60
MPU/ASIC % Pitch (nm) (Un-contacted
Poly) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 11 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
Cell area factor [a] 8 8 7.5 7 7 6 6
Cell area [Ca = aF] (mnF¥) 0.082 | 0.065 | 0.048 | 0.036 | 0.028 | 0.019 | 0.015
Cell array area at introduction (% of chip 72.93%
size) § ' 72.61% | 72.95% | 73.25% | 73.52% | 73.76% | 73.97%
Generation at introduction § 4G 4G 8G 8G 16G 16G 16G
Functions per chip (Gbits) 4.29 4.29 8.59 8.59 17.18 | 17.18 | 17.18
Chip size at introduction (mm?) § 485 383 568 419 662 449 356
Gbits/cn¥ at introduction § 0.88 1.12 1.51 2.05 2.59 3.82 4.83
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10 (ORTC)

1f DRAM —
Year of Production 2010 | 2012 | 2013 | 2015 | 2016 | 2018
Technology Node hp45 hp32 hp22
DRAM % Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) %5 Pitch (nm) 54 42 38 30 27 21
MPU/ASIC % Pitch (nm) (Un-contacted
Poly) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 11 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9.0 7.0
Cell area factor [a] 6 6 6 6 5 5
Cell area [Ca = af2] (mn¥) 0.012 | 0.0077 | 0.0061 | 0.0038 | 0.0025 | 0.0016
Cell array area at introduction (% of
chip size) § 74.16% | 74.47% | 74.61% | 74.83% | 74.93% | 75.09%
Generation at introduction § 32G 32G 64G 64G 128G | 128G
Functions per chip (Gbits) 34.36 | 34.36 | 68.72 68.7 1374 | 1374
Chip size at introduction (mm¥) § 563 353 560 351 464 292
Gbits/cm?2 at introduction § 5.2 8.2 10.4 16.5 24.9 395
le If
§DRAM /
1999-2004/8%;2005/7 5% 2006-2007/7x; 2008-2015/6x 2016-2018/5%. 6
[a] 2003 2008 5 1.5 2
2003 25 3 2 2004 3
DRAM 2x / 4 4x /
16G /2007 4x%/5 2x%/3
1G /2003 4x%/5 2x/2 3
2001 572mm’ field 1
572mm’ 2
704mm’ 2 2 16
660mm*/2007 2%/2°5
2007 572mm’
0.5% 5 6
140mm®
1g MPU ( ) o
Year of Production 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009
Technology Node hp9o hp65
DRAM % Pitch (nm) 100 90 80 70 65 57 50
DRAM % Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 120 107 95 85 76 67 60
MPU/ASIC %4 Pitch (nm) (Un-contacted
Poly) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 11 65 53 45 40 35 32 28
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11 (ORTC)

MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
SRAM Cell (6-transistor) Area factor
++ 120.3 | 117.8 | 115.6 | 113.7 | 111.9 | 1104 | 109.0

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

SRAM Cell (6-transistor) Area
w/overhead ++ 2.0 15 1.2 0.93 0.73 0.57 0.45

Logic Gate (4-transistor) Area
w/overhead ++ 6.5 5.2 4.1 3.3 2.6 2.1 1.6

Transistor density SRAM
(Mtransistors/cn?) 305 393 504 646 827 1,057 | 1,348

Transistor density logic
(Mtransistors/cn¥) 61 77 97 122 154 194 245

Generation at introduction * - p07c - - pi0c - -

Functions per chip at introduction
(million transistors [Mtransistors]) 180 226 285 360 453 571 719

Chip size at introduction (mn¥) 280 280 280 280 280 280 280

Cost performance MPU
(Mtransistors/cr¥? at introduction)
(including on-chip SRAM) ¥ 110 138 174 219 276 348 438

Generation at production * - p0O4c - -- pO7c - -

Functions per chip at production
(million transistors [Mtransistors]) 153 193 243 307 386 487 614

Chip size at production (mn?) §§ 140 | 140 | 140 | 140 | 140 | 140 | 140

Cost performance MPU
(Mtransistors/cn¥ at production,
including on-chip SRAM) ¥ 110 138 174 219 276 348 438

1 MPU( ) _

Year of Production 2010 | 2012 | 2013 | 2015 | 2016 | 2018
Technology Node hp45 hp32 hp22
DRAM % Pitch (nm) 45 35 32 25 22 18
DRAM % Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 54 42 38 30 27 21

MPU/ASIC % Pitch (nm) (Un-contacted
Poly)

MPU Printed Gate Length (nm) 1t 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
SRAM Cell (6-transistor) Area factor ++| 107.8 | 105.7 | 104.8 | 103.4 | 102.8 | 101.7
Logic Gate (4-transistor) Area factor ++ | 320 320 320 320 320 320
SRAM Cell (6-transistor) Area

45 35 32 25 22 18

0.625 | 0.625 | 0.625 | 0.625 | 0.625 | 0.625

efficiency ++
iig/c Gate (4-transistor) Area efficiency 0500 | 0500 | 0.500 | 0.500 | 0.500 | 0500
SRAM Cell (6-transistor) Area 022 | 013 | 011 | 0.066 | 0.052 | 0.032
w/overhead ++
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(ORTC)

Logic Gate (4-transistor) Area 1.30 0.82 0.65 0.41 0.32 0.20
w/overhead ++
Transistor density SRAM
(Mitransistors/cr?) 1,718 | 2,781 | 3,532 | 5,687 | 7,208 | 11,558
Transistor density logic
(Mitransistors/cr?) 309 490 617 980 1,235 | 1,960
Generation at introduction * p13c - pl6c -- p19c --
Functions per chip at introduction
(million transistors [Mtransistors]) 1,546 | 2454 | 3,092 | 4,908 | 6,184 | 9,816
Chip size at introduction (mn¥) 280 280 280 280 280 280
Cost performance MPU
(Mtransistors/cn¥ at introduction) 5562 876 1,104 | 1,753 | 2,209 | 3,506
(including on-chip SRAM)
Generation at production * p10c - p13c - pl6c -
Functions per chip at production
(million transistors [Mtransistors]) 73 1,227 1 1,546 | 2,454 | 3092 | 4,908
Chip size at production (mn¥) §§ 140 140 140 140 140 140
Cost performance MPU
(Mtransistors/cn¥ at production, 552 876 1,104 | 1,753 | 2,209 | 3,506
including on-chip SRAM)
1
++ MPU DRAM
* c pOlc 1999
2001 p04c 2001 2004
i MPU MPU 2 L2 SRAM 512Kbyte/1999
SRAM
§§MPU MPU MPU 2018 280mm?2/
140mm?2/ 310mm2
2001 2 0.5% 2003 3
0.5x
1i MPU ASIC —
Year of Production 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009
Technology Node hp9o hp65
DRAM ¥ Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 120 107 95 85 76 67 60
MPU/ASIC %5 Pitch (nm) (Un-contacted Poly) 107 20 80 70 65 57 50
MPU Printed Gate Length (nm) 11 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
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13 (ORTC)

Logic (Low-volume Microprocessor) High-performance ¥

Generation at production ** p03h -- p0O5h -- p07h -- p09h
Functions per chip (million transistors) 439 553 697 878 1,106 | 1,393 | 1,756
Chip size at production (mmn¥) §§ 310 310 310 310 310 310 310
High-performance MPU Mtransistors/cn¥ at

production (including on-chip SRAM) 142 178 225 283 357 449 566
ASIC

ASIC usable Mtransistors/cn¥ (auto layout) 142 178 225 283 357 449 566
ASIC max chip size at production (mm) 572 | 572 | 572 | 572 | 572 | 572 | 572
(maximum lithographic field size)

ASIC maximum functions per chip at

production (Mtransistors/chip) (fit in maximum | 810 1,020 | 1,286 | 1,620 | 2,041 | 2,571 | 3,239
lithographic field size)

1 MPU ASIC —

Year of Production 2010 | 2012 | 2013 | 2015 | 2016 | 2018
Technology Node hp45 hp32 hp22
DRAM % Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) % Pitch (nm) 54 42 38 30 27 21
MPU/ASIC ¥ Pitch (nm) (Un-contacted Poly) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 11 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Logic (Low-volume Microprocessor) High-performance

Generation at production ** - - p1l3h | pl5h - -
Functions per chip (million transistors) 2,212 | 3,511 | 4,424 | 7,022 | 8,848 | 14,045
Chip size at production (mmn¥) §§ 310 310 310 310 310 310
High-performance MPU Mtransistors/cn¥ at 714 1,133 | 1,427 | 2,265 | 2,854 | 4,531
production

(including on-chip SRAM)
ASIC
ASIC usable Mtransistors/cn¥ (auto layout) 714 1,133 | 1,427 | 2,265 | 2,854 | 4,531
ASIC maximum chip size at production (mmé) 572 572 572 572 572 572
(maximum lithographic field size)

ASIC maximum functions per chip at ramp 4,081 | 6,479 | 8,163 | 12,958 | 16,326 | 25,915
(Mtransistors/chip)

(fit in maximum lithographic field size)

i 1j
*p h p99 1999
pOlc 2001 p03h 2003
$ MPU MPU L2 L3 SRAM 2M /1999  +

P99h 25M SRAM
§§ MPU MPU MPU 2018
280mm?2/ 140mm2/ 310mm2
2001 2 0.5x 2003 3
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0.5%
30 IEEE (Institute of Electrical and
Electronics Engineers ) DRAM
6 12 1.5
2 / / 59
/ ~25-30%
1 /
/
2
50 0.7x
DRAM
63
DRAM
PIDS FEP ITWG
tracking /
DRAM
ORTC Ic 1d le 1f
2003 ITRS DRAM
( 6 2003 2008 4 5
2011 2016 ) 2003
ITRS DRAM More’s
Law 3 2 3 2
2001 ITRS ITWG MPU
SRAM MPU
ITWG
ITWG SRAM
2003 ITRS MPU 2001 TRS
MPU(310mm?2) - MPU(140mm?2)
2004 MPU 2
MPU
2004 ITRS MPU
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3 MPU
3
2
MPU
1 1 11 MPU
1
1999 (25 X 32 = 800mm?)
ITWG
ITWG 90 nm
572mm?2 (22 X 26)
ITWG 2003 ITRS 704mm2(22 X 32)
2a 2b
DRAM
2003 ITRS DRAM
704mm* 1
DRAM (140mm’
) 4
2
DRAM
DRAM
/ 2 125 3 DRAM
1 1 1le 1
DRAM MPU DRAM MPU
/
classical measure
300 mm
2001 2a 2
2001 300 mm
450 mm 1.5 2011-1012

(ORTC)
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SEMI Semiconductor Equipment
and Materials Institute SEMATECH Semiconductor
Manufacturing Technology Institute

industry economic modeling IEM
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17 (ORTC)
3a 3b
ITWG MPU ASIC ITRS
MPU ASIC
MPU
ASIC
3a
2003 2004 2005 2006 2007 2008 2009
hp9o hp65
DRAM ¥; Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) ¥2 120 107 95 85 76 67 60
Pitch (nm)
MPU/ASIC Y2 Pitch (nm) (Un- 107 90 80 70 65 57 50
contacted Poly)
JI;:PU Printed Gate Length (nm) 65 53 45 40 35 32 o8
MPU Physical Gate Length 45 37 32 8 o5 22 20
(nm)
1/0  (Number of Total Chip Pads)
Total pads—MPU 3,072 3,072 3,072 3,072 3,072 3,328 3,584
2;%2’;" 1/0—MPU (1/3 of total 1,024 1,024 1,024 1,024 1,024 1,109 1,195
Power and ground pads—MPU |, g 2,048 2,048 2,048 2,048 2,219 2,389
(2/3 of total pads)
Total pads—ASIC high- 3,400 3,600 4,000 4,200 4,400 4,600 4,800
performance
Signal 1/0 pads—ASIC high- 1,700 1,800 2,000 2,100 2,200 2,300 2,400
performance
Power and ground pads—
ASIC high-performance (¥ of 1,700 1,800 2,000 2,100 2,200 2,300 2,400
total pads)
[1]

Microprocessor/contraller, 500-1,452 | 500-1,600 | 550-1,760 | 550-1,936 | 600-2,140 | 660—2,354 | 720-2,568
cost-performance
Microprocessor/controller, high-| 4 4o, 1,600 1,760 1,036 2,140 2,354 2,568
performance
ASIC (high-performance) 2,400 3,000 3,400 3,800 4,000 4,400 4,600
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18 (ORTC)

3a 3b

[1] PWB

3b
2010 2012 2013 2015 2016 2018
hp45 hp32 hp22

DRAM % Pitch (nm) 45 35 32 25 22 18

MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 54 42 38 30 27 21

MPU/ASIC % Pitch (nm) (Un-contacted 45 35 32 o5 22 18

Poly)

MPU Printed Gate Length (nm) 17 25 20 18 14 13 10

MPU Physical Gate Length (nm) 18 14 13 10 9 7

1/0 (Number of Total Chip Pads)

Total pads— MPU 3,840 4,096 4,224 4,352 4,416 4,544

Signal 1/0— MPU (1/3 of total pads) 1,280 1,365 1,408 1,451 1,472 1,515

Power and ground pads— MPU (2/3 of 2,560 2,731 2,816 2,901 2,944 3,029

total pads)

Total pads— ASIC high-performance 4,800 5,200 5,400 5,800 6,000 6,400

Signal 10 pads— ASIC high- 2,400 | 2,600 | 2,700 2,900 3,000 3,200

performance

Power and ground pads— ASIC high- 2,400 | 2,600 | 2,700 2,900 3,000 3,200

performance (% of total pads)

[1]

Microprocessor/controller, cost- 780-2,782 |936-3,338/1014-3,616| 1217-4,340 |1318-4,702|1521-5,426

performance

Microprocessor/controller, high- 2782 3338 3616 4.340 4702 5.426

performance

ASIC (high-performance) 4,009 4,810 5,335 6,402 7,042 8,450

A&P ITWG 3a 3b 4a 4b

0.95cost/pinx1.10pins/year
1.05cost/year
ITRS
x /year
10
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MPU

19

15

System-on-Chip : SoC
Chip-on-Board : COB

15 2

/ 1.5 2

/ millions of instructions per second : MIPs

X

(ORTC)

MPU

on-chip chip-to-board
ITWG ITWG 4c 4d
line-to-line
line-to-substrate
Kk 2-3
4a
2003 2004 2005 2006 2007 2008 2009
hp9o hp65
DRAM % Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) %2
Pitch (nm) 120 107 95 85 76 67 60
MPU/ASIC % Pitch (nm)
(Un-contacted Poly) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm)
Tt 65 53 45 40 35 32 28
MPU Physical Gate Length
(nm) 45 37 32 28 25 22 20
(micron)
Pad pitch—ball bond 40 35 30 25 25 20 20
Pad pitch—wedge bond 30 25 20 20 20 20 20
Pad pitch—wedge bond 30 25 20 20 20 20 20
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(ORTC)

Pad Pitch—area array flip-chip 150 150 130 130 120 110 100
(cost-performance, high-
performance)
Pad Pitch—peripheral flip-chip 60 60 40 40 30 30 20
(handheld, low-cost, harsh)
Package cost (cents/pin) .75-130 | .71-1.24 | 67-1.17 | .64-1.11 | .61-1.05 | .58-1.00 .55-.96
(cost-performance)—
minimum-maximum
Package cost (cents/pin) 0.30-0.56 | 0.29-.53 .27-.50 ,26—.48 ,25-.45 .23-.43 22-41
(Memory)—minimum-—
maximum
4b
2010 2012 2013 2015 2016 2018
hp45 hp32 hp22
DRAM %z Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 54 42 38 30 27 21
MPU/ASIC % Pitch (nm) (Un-contacted Poly) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 1 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
(micron)
Pad pitch—ball bond 20 20 20 20 20 20
Pad Pitch—wedge bond 20 20 20 20 20 20
Pad Pitch—area array flip-chip (cost-performance, 100 90 90 80 80 70
high-performance)
Pad Pitch—peripheral flip-chip (handheld, low-cost, 20 20 20 15 15 15
harsh)
Package cost (cents/pin) (cost-performance)— 0.52-0.94| 0.5-86 | 0.5-.77 | 0.5-0.69 | 0.5-0.65 | 0.5-0.59
minimum—maximum
Package cost (cents/pin) (Memory)— minimum-— .22-41 |0.22-0.36(0.22-0.35|0.22-0.31|0.22-0.29|0.22-0.27
maximum
4c
2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009
hp9o hp65
DRAM ¥z Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) %2 Pitch (nm) 120 107 95 85 76 67 60
MPU/ASIC Y2 Pitch (nm) (Un-contacted Poly) | 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) ft 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
(MHz)
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21 (ORTC)

On-chip local clock 2,976 | 4,171 | 5,204 | 6,783 | 9,285 | 10,972 | 12,369
(righ performance,for eripheral buseqyy) | %000 | 2500 | 3125 | 3906 | 4883 | 6103 | 7.629
Maximum number wiring levels—maximum 13 14 15 15 15 16 16
Maximum number wiring levels—minimum 9 10 11 11 11 12 12
4d
2010 2012 2013 2015 2016 2018
hp45 hp32 hp22
DRAM ¥ Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) ¥z Pitch
(nm) 54 42 38 30 27 21
MPU/ASIC ¥ Pitch (nm) (Un-
contacted Poly) 45 35 32 25 22 18
MPU Printed Gate Length (nm) tt 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
(MHz)
On-chip local clock 15,079 | 20,065 | 22,980 | 33,403 | 39,683 | 53,207
Chip-to-board (off-chip) speed
(high-performance, for peripheral 9,536 14,901 18,626 29,103 36,379 56,843
buses)[1]
Maximum number wiring levels—
maximum 16 16 16 17 18 18
Maximum number wiring levels—
minimum 12 12 12 13 14 14
4c 4d
[1]
[2] 2001 CMOS 3.125GHz SiGe
10GHz 2002 CMOS 10GHz 40GHz  SiGe
2003
[3]
DRAM MPU ASIC 83 89.5 %
52 5 DRAM 1
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22 (ORTC)

5a —
Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp9o hp65
DRAM %z Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) % Pitch (nm) 120 107 95 85 76 67 60
MPU/ASIC ¥ Pitch (nm) (Un-contacted 107 90 80 70 65 57 50
Poly)
MPU Printed Gate Length (nm) 1t 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
DRAM Random Defect Do at production
chip size and 89.5% yield (faults/m?) § 2,216 2,791 3,751 2,532 3,190 2,345 2,954
MPU Random Defect Do at production
chip size and 83% yield (faults/ ) §§ 1,395 1,395 1,395 1,395 1,395 1,395 1,395
# Mask Levels—MPU 29 31 33 33 33 35 35
# Mask Levels—DRAM 24 24 24 24 24 24 24
5 —
Year of Production 2010 | 2012 | 2013 | 2015 | 2016 | 2018
Technology Node hp45 hp32 hp22
DRAM %z Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 54 42 38 30 27 21
MPU/ASIC % Pitch (nm) (Un-contacted Poly) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 11 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
DRAM Random Defect Do at production chip size and 83% yield 3722 | 2.954 | 3722 | 2.954 | 2233 | 3545
(faults/n¥@) §
MPU Random Defect Do at production chip size and 89.5%
yield (faults/ ) §§ 1,395 | 1,395 | 1,395 | 1,395 | 1,395 | 1,395
# Mask Levels—MPU 35 35 35 37 39 39
# Mask Levels—DRAM 26 26 26 26 26 26
S5a 5b
Dy—
§DRAM /
1999-2004/8x; 2005/7.5x; 2006-2007/7x; 2008-2015/6%; 2016-2018/5x. «“ {a} 2003
2008 5 «“ ” 1.5 2x 2 2
DRAM 2x / 4 4x /
1. 16G 4x/6  2x/3
2 1G 4x/5 2x/2 3
2001 572mm’ field 1
572mm’ 2
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23 (ORTC)
704 mm?
2 2 660 mm*/2007
DRAM 2.5 2 572 mm®
2007
0.5x 5 6
140 mm?
§§ MPU MPU MPU 2018
280 2 140mm? 310 2
2001 2 0.5x 2003 3
0.5x
6a 6 6a 6
Vad IC
0.5V Vg
2018 2001 2001
2016 0.4V 2001 IRTS 0.6
MPU 3
1
2
3 Harsh
6a —

Year of Production 2003 2004 2005 2006 2007 | 2008 2009

Technology Node hp9o hp65

DRAM % Pitch (nm) 100 90 80 70 65 57 50

MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 120 107 95 85 76 67 60

MPU/ASIC % Pitch (nm) (Un- 107 90 80 70 65 57 50

contacted Poly)

MPU Printed Gate Length (nm) 1t 65 53 45 40 35 32 28
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[1]
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6a

(ORTC)

MPU Physical Gate Length (nm) | 45 | 37 | 32 | 28 | 25 | 2 | 20
Power Supply Voltage (V)
Ve (high-performarnice) 1.2 1.2 11 11 1.1 1.0 1.0
l‘;‘g ,fsfizz'f'gros)per ating Power, high Vad 1.0 0.9 0.9 0.9 0.8 0.8 0.8
Allowable Maximum Power [1]
High-performance with heatsink (W) 149 158 167 180 189 200 210
Cost-performance (W) 80 84 91 98 104 109 114
Battery (W)—(low-cost/hand-held) 21 2.2 2.3 2.4 25 2.6 2.7
6 —
Year of Production 2010 | 2012 | 2013 | 2015 | 2016 | 2018
Technology Node hp45 hp32 hp22
DRAM %z Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) % Pitch (nm) 54 42 38 30 27 21
MPU/ASIC % Pitch (nm) (Un-contacted Poly) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 1t 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Power Supply Voltage (V)
Vdd (high-performance) 1.0 0.9 0.9 0.8 0.8 0.7
Vdd (Low Operating Power, high Vdd transistors)| 0.7 0.7 0.6 0.6 0.5 0.5
Allowable Maximum Power [1]
High-performance with heatsink (W) 218 240 251 270 288 300
Cost-performance (W) 120 131 138 148 158 168
Battery (W)—(hand-held) 2.8 3.0 3.0 3.0 3.0 3.0
6b
Ja 7 25 30
1.5 2
1.5 2

cm




selling price ASP 2

29
1.4x 3
2003 DRAM MPU
29
/ /
/ 2003 10.5
1 DRAM
1
2 MPU
/ 29 /
2003 2001
MPU
0.7x
MPU
2001 MPU
DRAM 2003
6 8
5 2008
33 2003 5
63
2 2% /2.5-3.0 140mm’
DRAM MPU
! McClean, William J. 1994 - 1IC
1994., McClean, William J. 1995 :1C

Corporation, 1995.

? a) Dataquest Incorporated. x86

Incorporated  1995/01/16.
b) Port, Otis Reinhardt, Andy McWilliams, Gary Brull, Steven V.
Business Week 1996/12/09  148-152.

25 (ORTC)

1999 ITRS
average
2001 2003 ITRS
1999
DRAM
4G DRAM
microcent
45 /
45
ITWG 2001
0.5%
2001 3
3
25 2003
4
2011 2016
2%
2003

Scottsdale: Integrated Circuit Engineering Corporation

Scottsdale: Integrated Circuit Engineering

MCRO-WW-MT-9501. San Jose: Dataquest
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26 (ORTC)

/
/
7a 7 4a 4 (Built-in Self Test:
BIST) Design-For- Testability DFT 2003
7a -

Year of Production 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009
Technology Node hp9o hp65
DRAM %z Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) % Pitch (nm) 120 107 95 85 76 67 60
MPU/ASIC ¥ Pitch (nm) (Un-contacted Poly) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 11 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
Affordable Cost per Function ++

DRAM cqst/bit at ({oackaged microcents) at 105 74 53 37 26 19 13
samples/introduction

DRAM c_ost/b/t at (packaged microcents) at 38 27 19 14 0.96 07 05
production §

Cost-performance MPU (microcents/transistor)

(including on-chip SRAM) at introduction §§ 88 62 44 31 22 156 110
Cost-performance MPU (microcents/transistor)

(including on-chip SRAM) at production §§ o3 38 27 19 133 94 6.7
High-performance MPU (microcents/transistor)

(including on-chip SRAM) at production §§ 49 34 24 17 12 8.6 6.1
Cost-Per-Pin

Test Cost

Volume tester cost per high-frequency signal pin

($K/pin) 3 3 3 3 3 3 3
(high-performance ASIC)—maximum

Volume tester cost per high-frequency signal pin

($K/pin) 1 1 1 1 1 1 2
(high-performance ASIC)—minimum

7 -
Year of Production 2010 | 2012 | 2013 | 2015 | 2016 | 2018
Technology Node hp45 hp32 hp22
DRAM % Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) % Pitch (nm) 54 42 38 30 27 21
MPU/ASIC % Pitch (nm) (Un-contacted Poly) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 11 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Affordable Cost per Function ++
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27 (ORTC)

DRAM cost/bit (packaged microcents) at
samples/introduction

DRAM cost/bit (packaged microcents) at
production §

0.93 0.46 0.33 0.16 0.12 0.06

0.34 0.17 0.12 0.06 | 0.042 | 0.021

Cost-performance MPU (microcents/transistor)
(including on-chip SRAM) at introduction §§

Cost-performance MPU (microcents/transistor)
(including on-chip SRAM) at production §§

7.78 3.89 2.75 1.38 0.97 0.49

4.71 2.35 1.66 0.83 0.59 0.29

High-performance MPU (microcents/transistor)
(including on-chip SRAM) at production §§

Cost-Per-Pin
Test Cost

4305 | 2.15 152 0.76 0.54 0.27

Volume tester cost per high-frequency signal pin
($K/pin) 4 4 4 4 4 4
(high-performance ASIC)—maximum

Volume tester cost per high-frequency signal pin
($K/pin) 2 2 3 3 4 4
(high-performance ASIC)—minimum

7a 7b
++ Gross Profit Margins GPM
Average Selling Price ASP DRAM 35
GPM MPU 60 GPM 0.5x/2 0.55x%/
DRAM
7 8 MPU 4 6
2 4
§DRAM /

1999-2004/8x;2005/7 5% 2006-2007/7x; 2008-2015/6x 2016-2018/5% . 6

[a] 2003 2008 5 1.5 2
2 2003 25 3 2 2004
DRAM 2% / 4x /
1. 16G 4x/5 2x/3
2. 1G 4x/5 2x/2 3

INTER-generation
140mm?2
2 x /2 2x /3
2x /2 5 1
63

0.5x
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28 (ORTC)

§§ MPU MPU MPU 2018
280mm?/ 140mm?/ 310mm?
2001 2 0.5 2003

0.5%
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