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(DiIFFicULT CHALLENGES)

46a Process Integration Difficult Challenges—Near-term

Difficult Challenges > 45 nm/Through 2010

Summary of Issues

1. High-performance applications: meeting
performance and power dissipation requirements
for highly scaled MOSFETs

Cost effectiveness, process control, and reliability of very thin oxy-nitride gate dielectrics,
especially considering the high gate leakage

Difficulty in controlling short-channel effects for highly scaled devices

Negative impact of high channel doping needed for highly scaled devices. Also, the difficulty
in controlling threshold voltage due to statistical fluctuations in the doping

Need to reduce series S/D parasitic resistance

Controlling static power dissipation in the face of rapidly increasing leakage: architecture and
circuit design improvement and innovation will be needed.

2. Low-power applications: meeting
performance and leakage requirements for
highly scaled MOSFETs

Early availability of manufacturing-worthy high-k gate dielectrics is necessary to meet
stringent gate leakage and performance requirements.

Slow scaling of V4q for low standby power logic will make overall device scaling difficult.

Rapid scaling of Vg4q for low operating power logic will make overall device scaling difficult.

3. Assuring the reliability and implementing into
manufacturing of multiple material, process, and
structural changes in a relatively short period of
time

Multiple material changes projected: high-k gate dielectric, metal gate electrodes, strained Si,
nickel silicide by 2008 or so

Elevated S/D (selective epi)

Ultra-thin body (UTB) SOI by 2008 or so, followed by multiple-gate structures. Near mid-gap
metal gate electrodes will be desirable to set the threshold voltage for UTB SOL.

Difficulty in ensuring reliability of all these new materials, processes, and structures in a
timely manner

4. Implementation of DRAM, SRAM, and high-
density nonvolatile memory (NVM) for scaled
technologies

DRAM main issues—adequate storage capacitance for devices with reduced feature size,
including difficulties in implementing high-k storage dielectrics; access device design;
holding the overall leakage to acceptably low levels; and deploying low sheet resistance
materials for bit and word lines to ensure desired speed for scaled DRAMs

SRAM—Difficulties with maintaining adequate noise margin and controlling key instabilities
with scaling. Also, difficult lithography and etch issues with scaling

NVM, flash—Scaling of tunnel dielectric and interpoly dielectric involves many complex
tradeoffs. Dielectric material properties and dimensional control are key issues

NVM, FeRAM—Ferroelectric material properties and dimensional control. Sensitivity to IC
processing temperatures and conditions

NVM, SONOS—ONO stack dimensions and material properties, including nitride layer trap
distribution in space and energy

NVM, MRAM—Magnetic material properties and dimensional control. Sensitivity to IC
processing temperatures and conditions

5. High-performance and low-cost RF and
analog/mixed-signal solutions

Signal isolation

Optimizing RF/analog CMOS devices with scaled technologies: mismatch, 1/f noise, and
leakage with high-« gate dielectrics

High density integrated passive element scaling and use of new materials: Q-factor value for
inductors; matching and linearity for capacitors

Reduced power supply voltages: degradation in SNR (signal-to-noise ratio) and signal
distortion performance

Reduced device breakdown voltage in scaled technologies
High-frequency devices with increased operating voltage for base station applications

Compound semiconductor substrates with good thermal dissipation and process equipment for
fabrication at low cost

See section on RF and A/MS Technologies for Wireless Communications for detailed
discussion of these issues
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46b  Process Integration Difficult Challenges—Long-term

Difficult Challenges < 45 nm/Beyond 2010

Summary of |ssues

6. Implementation of advanced, non-classical CMOS with
enhanced drive current and acceptable control of short channel
effects for highly scaled MOSFETSs

Advanced non-classical CMOS (e.g., multiple-gate, ultra-thin body [UTB]
MOSFETs) with lightly doped body will be needed to effectively scale

MOSFETs to well under 20 nm gate length (Lg).

Most likely, advanced material solutions such as strained Si (enhanced
mobility) channels, elevated source/drain, high-k gate dielectric, metal
gate electrode, etc., will be utilized along with the advanced non-
classical CMOS

Particularly for the highly scaled UTB MOSFETS required towards the end
of the Roadmap, with body thickness well under 10 nm, electrical
performance and the impact of quantum effects are not well understood

To attain adequate drive current for the highly scaled MOSFETs, quasi-
ballistic operation with enhanced carrier saturation velocity appears to
be needed

See Emerging Research Devices section for more detail.

7. Dealing with atomic-level fluctuations and statistical process
variations in sub-20 nm MOSFETs

Fundamental issues of atomic-level statistical fluctuations for sub-20 nm
MOSFETS are not completely understood, including the impact of
quantum effects.

8. Identifying, selecting, and implementing new memory
structures

Highly scaled, dense, fast, non-volatile memory will become highly desirable

Increasing difficulty is expected in scaling DRAMs, especially scaling down
the dielectric equivalent oxide thickness, attaining the very low leakage
currents that will be required, and reducing the cell area factor

All of the existing forms of nonvolatile memory face limitations based on
material properties. Success will hinge on finding and developing
alternative materials and/or development of alternative emerging
technologies.

See Emerging Research Devices section for more detail.

9. Identitying, selecting, and implementing novel interconnect
schemes

Eventually, it is projected that the performance of copper/low-« interconnect
will become inadequate to meet the speed and power dissipation goals of
highly scaled ICs.

Solutions (optical, microwave/RF, etc,) are currently unclear.

10. Toward the end of the Roadmap or beyond, identification,
selection, and implementation of advanced, beyond-CMOS
devices and architectures for advanced information processing

Will drive major changes in process, materials, device physics, design, etc.

Performance, power dissipation, etc., of beyond-CMOS devices need to
extend well beyond CMOS limits.

Beyond-CMOS devices need to integrate into a CMOS platform. Integration
of the two may be difficult, especially for mixed signal.

See Emerging Research Devices sections for more discussion and detail.

PIDS

[ ] MOSFET

EOT(Equivalent Oxide Thickness)

MOSFET

1.0 nm
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47a High-performance Logic Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM % Pitch (nm) 100 0 80 70 65 57 50
MPU/ASIC Metal 1 (M1) ¥z Pitch (nm) 120 107 95 85 76 67 60
MPU/ASIC % Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (hm) 45 37 32 28 25 22 20
Physical gate length high-performance (HP) (nm) [1] 45 37 32 28 25 22 20
EOT: equivalent oxide thickness (physical) for high-performance (nm) [ 2] 1.3 1.2 1.1
Electrical thickness adjustment for gate depletion and inversion 0.8 0.8 0.7
layer effects (nm) [3] ' ' ’
Equivalent electrical oxide thicknessin inversion (nm) [4] 2.1 2.0 1.8
Nominal gate |leakage current density limit (at 25°C) (A/cmz) [5] 2.2E+02 | 4.5E+02 | 5.2E+02
Nominal power supply voltage (Vqg) (V) [6] 1.2 1.2 11
Saturation threshold voltage (V) [7] 0.21 0.20 0.20 0.21 0.18 0.17 0.16
Nominal high-performance NMOS 0.03 0.05 0.05 0.05 0.07 0.07 0.07
sub-threshold leakage current, |y eax (at 25°C) (LA/uM) [8]
gf@d:?'ailifglzir&mﬁfgros saturation drive current, g sat & 0980 1110 | 1090 | 1170 [T INEEETEI Yo
Required "mohility/transconductance improvement” factor [ 10] 1.0 1.3 1.3 1.4 2.0 2.0 2.0
(1l ceptionimt e gto e (0-1) 11 0 | 10 | 10 | 10
e raton i oty st o
Parasitic source/drain series resistance (Rgg) (Ohm-um) [13] ¢ 180 180 180 171
Ideal NMOS device gate capacitance (F/pm) [14] 7.40E-16 | 6.39E-16 | 6.14E-16 | 5.69E-16 6.64E-16‘ 6.33E-16 5.76E-16
Parasitic fringe/overlap capacitance (F/um) [15] 2.40E-16|2.40E-16|2.40E-16 | 2.30E-16
High-performance NMOSintrinsic delay, 7= Cgate* Vdd / ld,sat (PS) [16] €120 0.95 0.86 0.75 0.64 | 0.54 0.48
Relative NMOS intrinsic switching speed, 1/z, normalized to 2003 [17] ¢ 1.00 1.26 1.39 1.60 1.86 2.20 2.49
Nominal logic gate delay (NAND Gate) (ps) [18] & 30.24| 23.94 21.72 18.92 16.23 ‘ 13.72 12.13
NMOSFET power-delay product (J/pm) [19] 1.41E-15|1.27E-15|1.03E-15 | 9.66E-16 1.07E-15\ 8.33E-16 7.66E-16
PZ“S]OSF ET static power dissipation dueto drain and gate leakage (W) |5 96 07 |6.60E-07 | 6.05E-07 | 6.05E-07 R0 : 7.70E-07 7.70E-07
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known {4

Manufacturable solutions are NOT known
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47b  High-performance Logic Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22

DRAM %2 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) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Physical gate length high-performance (HP) (nm) [1] 18 14 13 10 9 7

EOT: equivalent oxide thickness (physical) for high-performance
(nm) [2]

0.7 0.7 0.6 0.6

Electrical thickness adjustment for gate depletion and inversion
layer effects (nm) [3]

0.4 0.4 0.4 0.4 0.4 0.4

Equivalent electrical oxide thickness in inversion (nm) [4]

11 11 1.0 1.0 0.9 0.9

Nominal gate leakage current density limit (at 25°C) (A/cmz) [5]

1.9E+03 2.4E+03 7.7E+03 1.0E+04 1.9E+04 2. 4E+04

Nominal power supply voltage (Vqgq) (V) [6]

BT T N T O

Saturation threshold voltage (V) [7]

0.15 0.11

Nominal high-performance NMOS
sub-threshold leakage current, I jeak (at 25°C) (MA/pm) [8]

0.1 0.1 0.3 0.3 0.5 0.5

Nominal high-performance NMOS saturation drive current, |4 sat
(at Vg, at 25°C) (mA/um) [9]

1900 1790 2050 2110 2400 2190

Required " mobility/transconductance improvement" factor [10]

2.0 2.0 2.0 2.0 2.0 2.0

Sub-threshold slope adjustment factor
(Full depletion/multiple-gate effects) (0-1) [11]

0.6 0.5 0.5 0.5 0.5 0.5

Effective saturation carrier velocity enhancement factor
(due to quasi-ballistic transport) [12]

11 11 11 1.8 1.8 1.8

Parasitic source/drain series resistance (Rgg) (Ohm-pm) [13]

135 116 107 88 79 60

Ideal NMOS device gate capacitance (F/um) [14]

5.65E-16 4.39E-16 4.49E-16 3.45E-16 3.45E-16 2.69E-16

Parasitic fringe/overlap capacitance (F/pm) [15]

High-performance NMOSintrinsic delay, 7= Cgate * Vad / 1d,sat (PS)

[16]

Relative NMOS intrinsic switching speed, 1/z, normalized to 2003
[17]

Nominal logic gate delay (NAND gate) (ps) [18]

NMOSFET power-delay product (J/pum) [19]

NMOSFET static power dissipation due to drain and gate leakage
(W/um) [20]

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |9

0.39 0.30 0.26 0.18 0.15 0.1 |

3.06 4.05 4.64 6.80 8.08 10.77 ‘

9.88 7.47 6.52 4.45 3.74 2.81
7.45E-16 4.77E-16 4.77E-16 2.98E-16 2.85E-16 1.71E-16‘

1.10E-06 9.90E-07 2.97E-06 2.64E-06 4.40E-06 3.85E-06‘

Manufacturable solutions are NOT known _

47a 47b

Microsoft Excel file
MOSFET

High-performance Logic
Excel file

47a,47b

NMOS

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003




15

17%

EOT, Vg, Ldeak

[1] ORTC
Lithography FEP Etc ITWG 30 £ 10%x L, 10%
Lithography FEP
[2] Ty K EOT=T4/ (x/ 3.9) 39
Ty MOSFET
EOT MOSFET 2006 FEP TWG
2007
[5]
25 EOT
MOS CV
(3]
0.4nm
P’ FET TWG
2005 2006 2007
[4] EOT [21,[3] MOSFET
[14] €ox | ( ) Eox ,
CVi [16] CvV
[19] EOT [2],[3]
[5] 25 Ium
Isd,leak [8] [Isd,leak / ]X [ /
] “ ” 10 Isd,leak
“ ? 3 Isd,leak
EOT [2]
[6] [Vaa [7]
] IC
+ 10%
[7] Vaa (6]
(8]
[9] Va

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



16

MOSFET
[11]
[8] NMOSFET pm 25
Va  [6] ov MOSFET
NMOS 25 pm
NMOSFET NMOS 3
25
Isd,leak [5]
MOSFET MOSFET
[11]
PMOS MOSFET
MOSFET
[9] lisa  NMOSFET pm 25
Va  [6] ov MOSFET
17%
[17] PMOS NMOS (40-
50)% Ry [13]
(4]
[10] MOSFET
MOSFET
[10]
2004
[9] 2004
2007 2.0
[11]
SOI MOSFET
MOSFET
60 mV/decade 1.0 MOSFET 0.7
0.8 MOSFET 0.6 0.5 MOSFET
MOSFET Emerging Research Devices Non-Classical CMOS 2008
MOSFET 2010 MOSFET
[12]
MOSFET 2010
[9]
[9] FET TWG

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



PMOSFET

[14] Cg,ideal “m
EOTinv
EOTi  [4]
[15] um
]
[16] © 25 NMOS
pm
[15]
0.5)x (NMOS L) [9] T
[14]
[17] NMOS 1/t NMOS
17%
T [16]
[18]
[19] MOSFET
Caate um
[15]
[20] MOSFET um
L x

17

[51 3]

Cg,ideal:[gox / (EOTinV)]X Lg €ox
(4] L, (1]
[3x Miller
T= (Cgatex Vdd / Id,sat Cgate
[14] um
PMOS Iy
[9]
— [16] 2003
2 3 NAND
T [16]
2
um Cgatex Vdd
[14] um
T [16] Cate
Cg,ideal [14]
Vi [{Lsdteax  [8] yH pm

(0.4
1/t

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



18

48a Low Operating Power (LOP) Logic Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 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/ASI C Y2 Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
Physical gate length low operating power (LOP) (nm) [1] 65 53 45 37 32 28 25
EOT: eguivalent oxide thickness (physical) for LOP (nm) [2] 1.6 15 1.4

Electrical thickness adjustment for gate depletion and inversion

layer effects (nm) [3] 08 08 07

Equivalent electrical oxide thicknessin inversion (nm) [4] 2.4 2.3 2.1

Nominal gate leakage current density limit (at 25°C) (A/cmz) [5] 0.51 1.89 2.22

Nominal LOP power supply voltage (Vqq) (V) [6] 1.0 0.9 0.9

Saturation threshold voltage (V) [7] 0.31 0.26 0.27 0.28 0.26 0.25 0.25
g;’”g)”a ;3E1ﬂ“g]oswb'th'@°'d leakage current, | jeak (at 1.0E-03 | 3.0E-03 | 3.0E-03 | 3.0E-03 | 5.0E-03 | 5.0E-03 | 5.0E-03
ggorgi)nzljkl(/)l;)l\l[l\g]os saturation drive current, lq st (at Vgq, at 520 530 580 610 570 730 770
Required "mobility/transconductance improvement" factor [10] 1.0 1.0 1.0 1.0 1.0 1.3 1.3
(] cepietionimuliple.gate dfecs) (0-1) 11 10 | 10 | 10 | 10 | 10 | 10 | 10
Eggt.'g; itt?:ti:;)r?spcg:)l e[rlgial ocity enhancement factor (due to 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Parasitic source/drain series resistance (Rgy) (Ohm-um) [13] 180 180 180 180 180 180 180
Ideal NMOS device gate capacitance (F/um) [ 14] SReISI RN K e Te] SEu KoY v 0] SRS 6.39E-16 5.82E-16 6.45E-16 6.17E-16
Parasitic fringe/overlap capacitance (F/um) [15] 2.40E-16|2.40E-16|2.40E-16
LOP NMOSintrinsic delay, 7= Cgate * Vad/ ld,sat (05 [16] 2.26 1.76 1.52 ) 1.15 0.97 0.89
Flelnative NMOSintrinsic switching speed, 1/z, normalized to 2003 1.00 1.29 1.49 1.74 1.96 233 254
Nominal logic gate delay (NAND gate) (ps) [18] 57.0 44.3 38.3 32.7 29.1 24.4 224
NMOSFET power-delay product (J/¢m) [19] 1.18E-15|8.39E-16|7.94E-16 [y WA =ex Keyks A1 =S KSR N o1o] =8 KGR o] =ov K)
?‘V'\\/"/Srf):[EZTO]Sta“C power dissipation dueto drain and gate leakage | ; oe o9 | 5.4E-09 | 5.4E-00 [ERIRUETNRRETV R RNV H

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known
Interim solutions are known
Manufacturable solutions are NOT known
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48b  Low Operating Power (LOP) Logic Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22

DRAM %2 Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) %2 Pitch (nm) 54 42 38 30 27 21
MPU/ASIC 2 Pitch (nm) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Physical gate length low operating power (LOP) (nm) [1] 22 18 16 13 11 9

EOT: equivalent oxide thickness (physical) for LOP (nm) [2]

Electrical thickness adjustment for gate depletion and
inversion layer effects (nm) [3]

Equivalent electrical oxide thicknessin inversion (nm) [4]

Nominal gate leakage current density limit (at 25°C) (A/cmz)
(3]

Nominal LOP power supply voltage (Vgq) (V) [6]

Saturation threshold voltage (V) [7]

Nominal LOP NMOS sub-threshold |eakage current, I q jeak
(at 25°C) (uA/pm) [8]

Nominal LOP NMOS saturation drive current, g sat
(at Vgg, at 25°C) (uA/pum) [9]

Required "mobility/transconductance improvement” factor
(10

2.0 2.0

Sub-threshold slope adjustment factor

(full depletion/multiple-gate effects) (0-1) [11] U e
Effective sat_urati on parrier vel ocity enhancement factor 13 13
(due to quasi-ballistic transport) [12]

Parasitic source/drain series resistance (Ryg) (Ohm-um) [13] 160 ‘ 135 ‘ 126 107 98 80 ‘
Ideal NMOS device gate capacitance (F/um) [14] 5.84E-16‘4.78E-16‘4.60E-16 3.74E-16 3.45E-162.83E-16
Parasitic fringe/overlap capacitance (F/xm) [15]

LOP NMOSintrinsic delay, 7= Cgate * Vad/ ldsat (PS) [16] 0.73 \ 0.56 \ 048 034 026 021

Relative NMOS intrinsic switching speed, 1/z,

normalized to 2003 [17] 31 41 | 47 66 87 109

Nominal logic gate delay (NAND Gate) (ps) [18] 18.4 14.0 12.0 8.6 6.5 5.2

NMOSFET power-delay product (J/zm) [19] 3.94E-16\3.22E-16\2.23E-16 1.85E-16 1.19E-169.81E-17

NMOSFET static power dissipation due to drain and gate |

leakage (W/um) [20]

9.8E-09‘9.8E-09‘l.2E-O8 1.2E-08 3.0E-08 3.0E-08
|

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interim solutions are known

Manufacturable solutions are NOT known
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48c Low Sandby Power (LSTP) Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM ¥z Pitch (nm) 100 90 80 70 65 57 50
MPU/AS C Metal 1 (M1) ¥ Pitch (nm) 120 107 95 85 76 67 60
MPU/AS C % Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
Physical gate length low standby power (LSTP) (nm) [1] 75 65 53 45 37 32 28
EOT: equivalent oxide thickness (physical) for LSTP (nm) [2] 2.2 2.1 2.1
Electrical thickness adjustment for gate depletion and inversion 0.8 0.8 0.7
layer effects (nm) [3] ’ ’ ’
Equivalent electrical oxide thicknessin inversion (nm) [4] 3 2.9 2.8

! e o 2
F‘S‘;m'”a' gate [eakage current density limit (at 25°C) (Aem') | 4 4F 03 | 5.1E-03 | 9.4E-03 [ERIP PRI R RI N MW Y: K7,
Nominal LSTP power supply voltage (Vgq) (V) [6] 1.2 1.2 1.2 1.2 11 11 11
Saturation threshold voltage (V) [7] 0.50 0.50 0.51 0.52 0.50 0.47 0.47
Nominal LSTP NMOS sub-threshold leakage current, Isijeak | 1 005 | 1.0E-05 | 1.5E-05 | 2.0E-05 | 2.5E-05 | 3.0E-05 | 4.0E-05
(at 25°C) (uA/pm) [8]
Nominal LSTP NMOS saturation drive current, |4 sat 410 440 470
(at Vg, at 25°C) (uApm) [9]
Required "mobility/transconductance improvement" factor [10] 1.0 1.0 1.0
Sub-threshold slope adjustment factor
(full depletion/multiple-gate effects) (0-1) [11] 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Effective saturation carrier velocity enhancement factor
(due to quasi-ballistic transport) [12] 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Parasitic source/drain series resistance (Rg) (Ohm-um) [13] 180 180 180 180 180 180 180
Ideal NMOS device gate capacitance (F/um) [14] 8.63E-16|7.74E-16|6.54E-16 [shele]=0n (SHNs1] =oh Koo s A =S Kol e iy =8 G}
Parasitic fringe/overlap capacitance (F/xm) [15] 2.40E-16|2.40E-16|2.40E-16|2.40E-16|2.40E-16|2.40E-16|2.40E-16
LSTP NMOSintrinsic delay, 7= Cgate * Vad / ld,sat (PS) [16] 3.23 2.77 2.28 1.97 1.72 1.35 1.22
Relative NMOS intrinsic switching speed, 1/z,
normalized to 2003 [17] 1.00 1.17 1.42 1.64 1.88 2.39 2.64
Nominal logic gate delay (NAND Gate) (ps) [18] 814 69.7 57.5 49.7 43.2 34.0 30.8
NMOSFET power-delay product (J/zm) [19] (NSRRI NEY 1 2E-15 9.6E-16 | 9.9E-16 9.4E-16
NMOSFET static power dissipation due to drain and gate TR R R BT Rl /4 5E-11 55E-11 6.6E-11 8.8E-11
leakage (W/um) [20]

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known
Interim solutions are known
Manufacturable solutions are NOT known
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48d Low Sandby Power (LSTP) Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22

DRAM %2 Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) %2 Pitch (nm) 54 42 38 30 27 21
MPU/ASIC %2 Pitch (nm) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Physical gate length low standby power (LSTP) (nm) [1] 25 20 18 14 13 10

EOT: equivalent oxide thickness (physical) for LSTP (nm) [2]

Electrical thickness adjustment for gate depletion and
inversion layer effects (nm) [3]

Equivalent electrical oxide thicknessin inversion (nm) [4]

Nominal gate leakage current density limit (at 25°C) (A/cmz)
(3]

Nominal LSTP power supply voltage (Vyq) (V) [6]

1.0

Saturation threshold voltage (V) [7]

0.39

Nominal LSTP NMOS sub-threshold leakage current, Isq jeak
(at 25°C) (uA/um) [8]

6.0E-05

Nominal LSTP NMOS saturation drive current, |4 sat
(at Vgg, at 25°C) (uA/pum) [9]

Required "mobility/transconductance improvement” factor
(10

Sub-threshold slope adjustment factor
(full depletion/multiple-gate effects) (0-1) [11]

Effective saturation carrier velocity enhancement factor
(due to quasi-ballistic transport) [12]

Parasitic source/drain series resistance (Rgy) (Ohm-zm) [13]

135

Ideal NMOS device gate capacitance (F/um) [14]

Parasitic fringe/overlap capacitance (F/xm) [15]

LSTP NMOSintrinsic delay, 7= Cgate * Vdd/ ld,sat (PS) [16]

Relative NMOSintrinsic switching speed, 1/z,
normalized to 2003 [17]

Nominal logic gate delay (NAND gate) (ps) [ 18]

NMOSFET power-delay product (J/zm) [19]

NMOSFET static power dissipation due to drain and gate
leakage (W/um) [20]

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interim solutions are known

Manufacturable solutions are NOT known

48d

Microsoft Excel file
MOSFET

5.08E-164.32E-164.14E-16 3.22E-16 3.21E-16 2.66E-16

098 079 060 049 043 031

i
328 410 540 661 754 10.36
|

2480 19.83 15.06 1231 10.80 7.85

7.48E-166.22E-164.73E-16 3.83E-16 2.95E-16 2.47E-16
|

l.20E-10‘1.20E-10‘l.44E-lO 1.44E-101.60E-101.60E-10
|

LOP LSTP Logic
Excel file

48a-48d
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(8]
EOT, V4, L eaks Rsd

[1] LOP

2 LSTP 3 Lithography ~ FEP
Etc ITWG 30 £ 10%x L, 10%
Lithography FEP

2] Tq K EOT=Ty/ (x / 3.9) 3.9
Tq  MOSFET
EOT MOSFET LOP LSTP 2006
[5]
23 24
[3]
0.4nm
2008
[4] EOT [21,13] MOSFET
[14] gox / ( ) Eox ,
CV/I [16] cv
[19] EOT [21.[3]
[5] 25 IHm Isd,leak
[8] [Isd,leak/ ]X [ /
1 " LOP LSTP
“ ” 3 Isd,leak
EOT 2]
[6] 23
IC + 10%
, LOP LSTP
Va
LOP Vaa “off”
[Vaa [9] ]
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[7] Vaa
MOSFET
[11]
[8] NMOSFET
Vi [6]
NMOS
NMOSFET NMOS
25
Isd,leak
LOP LSTP
MOSFET
[11]
PMOS
[9] lice NMOSFET
Vi  [6]
PMOS
2
(4]
MOSFET
[10]
[9] 2008
2012 (LOP) 2016
[11]
MOSFET
60 mV/decade
0.8 MOSFET

MOSFET
MOSFET

pm

1.0

23

Non-Classical CMOS tables in Emerging Research Devices

(6]
[8]
um 25
ov MOSFET
25 pm
3
[5] LOP LSTP
MOSFET
MOSFET
MOSFET
25
ov MOSFET
NMOS (40-50)%
Ry [13]
MOSFET
2008
(LSTP) 2.0
MOSFET 0.7
0.6 0.5 MOSFET
2010
2013 (LSTP) 2016 (LOP)
2013 LOP 2016 LSTP

(9]
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[13] de pm
[9] FET TWG
[14] Cg,ideal pm Cg,idealz[gox / (EOTinV)]X Lg Eox
EOTiy, [4] L [1]
EOTinv [4]
[15] pm [3x Miller
]
[16] T 25 T= (Cgatex Vaa / lgsat Cgate
pm [14] pm
[15] PMOSFET 1
lisat (0.4 0.5)x (NMOS I ) [9] T
1/t
[14]
[17] NMOS 1/t NMOS — [16] 2003
[8] LOP LSTP
17%
T [16]
[18] 2 3 NAND
T [16] LOP  LSTP
2
[19] MOSFET um CaueX Vag
Cgate pm [14] pm
[15] T [16] Cgate
Cg,ideal [14]
[20] MOSFET um VX [sareax  [8] yH pm
L x (51 }]
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(SoC)

2004

2008

2004 MOSFET 90nm 37nm
(EOT)
EOT
47a, 47b, 48a 48d 23-25 LOP LSTP
2006

LSTP EOT
2006 EOT=1.9nm 0.015 A/cm?

2007 EOT=0.9nm
930 A/cm?
2007
PMOSFET NMOSFET

PMOSFET NMOSFET
PMOSFET NMOSFET
EOT
LOP LSTP
2007 65nm CMOS
MOSFET
SOI MOSFET MOSFET
NMOSFET
PMOSFET

MOSFET
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HP—high-performance

SOl MOSFET MOSFET
SOI MOSFET 2008
MOSFET 2010
20nm MOSFET
MOSFET
CMOS emerging research
Emerging Research Devices
CMOS CMOS
2004 2007 2010 2013 2016 2019
2003 | 2005 2006 | 2008 2009 , 20112012 , 2014 2015 | 2017 2018

Technology Node hp9o hp65 hp45 hp32 hp22 hp16
Multi-oxide, multi-threshold device
integration (already in production)
Enhanced mobility, strained Si (HP)
High-x gate dielectric (LOP and
LSTP)
High-x gate dielectric (HP)
Metal gate electrode (HP)
Ultra-thin body (UTB) SOlI, single _:l
gate MOSFET (HP)
Metal gate electrode (near midgap _:l
for UTB-SOI and multiple gate)
Multiple gate MOSFET (HP)
Quasi-ballistic transport (HP)
Emerging research logic devices
and circuit / system architectures
I Rescarch Required [ pevelopment Underway [ Qualification/Pre -Production [ # F A Continuous Improvement

This legend indicates the time during which research, developmen t, and qualification/pre -production should be taking place for the solution.

26 Logic Potential Solutions
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DRAM
DRAM
DRAM
CMOS
DRAM
DRAM
ETO
b EOT
DRAM 90nm
Metal Insulator Semiconductor
Metal Insulator Metal Ta,0s5
2007 65nm
2006 70nm

100nm

Al O

DRAM

27

2003
193nm
2002 2003
100nm
CMOS
DRAM

DRAM

49a
Ta,Os AlLO; 10-25 MIS
2004 90 MIM

100 k

50
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49a DRAM Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM ¥%; Pitch (nm) [1] 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) ¥z Pitch (nm) 120 107 95 85 76 67 60
MPU/ASI C % Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (hm) 45 37 32 28 25 22 20
DRAM cell size (,umz) [2] 0.082 0.065 0.048 0.036 0.028 0.019 0.015
(Dnigl\[ﬂgistorage cell dielectric: equivalent physical oxide thickness, EOT 35 23 18 13 0.8 0.8 0.8
Minimum DRAM retention time (ms) [4] 64 64 64 64 64 64 64
DRAM soft error rate (FITs) [5] 1000 1000 1000 1000 1000 1000 1000
49b DRAM Technology Requirements—L_ong-term
Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22
DRAM % Pitch (nm) [1] 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm) 54 42 38 30 27 21
MPU/AS C %2 Pitch (nm) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
DRAM cell size (,umz) [2] 0.0061 0.0038 0.0025 0.0016

DRAM storage cell dielectric: equivalent physical oxide thickness, EOT (nm)
(3

0.53 0.42 0.37 0.25

Minimum DRAM retention time (ms) [4] 64 64 64 64 64 64
DRAM soft error rate (FITs) [5] 1000 1000 1000 1000 1000 1000
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |4
Manufacturable solutions are NOT known _
49 49
[1] ORTC Overall Road Technology Characteristics  la DRAM 2002
2003 2002
[2] DRAM FEP DRAM
FEP ORTC FEP
DRAM
“a”(= F)F DRAM
“or 90nm “8”  55nm 2008 “6”  32nm “57 4 2
‘L611
“5” 32nm
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[3] ETO FEP DRAM
ORTC
la 1b DRAM
EOT 90 nm MIS
Al,O, Ta,0; 90 nm MIM
65 nm
EOT 3D
[4] 85
64ms PC
[5] FIT
2004 2007 2010 2013 2016 2019
2003 20052006 20082009 20112012 = 20142015 2017 2018
Technology Node hpgo hp65 hp45 hp32 hp22 hp16

High « dielectric
Al,O5 and Ta,0g, MIS structure (k~10-25)

MIM structures (k~20-50)

BST or other materials (k>100)
Low « dielectric bitline (delayed for cost|
reasons from deployment in logic

technologies)

Tungsten electrodes for word lines

Emerging research memory devices

I Research Required [N Development Underway [ Qualification/Pre-Production V777222 Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

DRAM
27 DRAM Potential Solutions

NVM CMOS
CMOS
NOR NAND

FeRAM SONOS MRAM 50a b
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NVM CMOS
1 2 50a 50b CMOS feature size
feature size NVM feature size “F”
CMOS
3 ‘EF’)
’537’ Fz
”a”*”FZ
CMOS
FeRAM
Silicon-oxide-nitride-oxide-silicon SONOS
MRAM MTJ
MIJT
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50a Non-Volatile Memory Technology Requirements—Near-term

FeRAM 2003 FEP
FEP
Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM ¥ Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC Metal 1 (M1) ¥z Pitch (nm) 120 107 95 85 76 67 60
MPU/AS C % Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (hm) 45 37 32 28 25 22 20
Flash technology node — F (nm) [1] 107 90 80 70 65 55 50
Flash NOR cell size—area factor a in multiples of F? [2] 10-12 11-14 11-14 11-14 11-14 12-14 12-15
. . . 2
gl_agan\ll_AéN[g]cell size—area factor a in multiples of F 55 55 55 55 45 45 45
Flash NOR typical cell size (,umz) [4] 0.135 0.101 0.08 0.061 0.053 0.039 0.034
Flash NOR Lg-stack (physical — zm) [5] 0.22-0.24 | 0.2-0.22 | 0.2-0.22 [MREEPIRINIELE R 0.18-0.20  0.18-0.20
Flash NOR highest W/E voltage (V) [6] 8-10 7-9 7-9
Flash NAND highest W/E voltage (V) [7] 18-20 17-19 17-19 17-19 15-17 15-17 15-17
Flash NOR Iyeaq (14A) [8] 34-42 31-39 29-37 28-36 27-35 26-34 25-33
Flash coupling ratio [9] 0.65-0.75 | 0.65-0.75 | 0.65-0.75 0.6-0.7 0.6-0.7 0.6-0.7 0.6-0.7
Flash NOR tunnel oxide thickness (nm) [ 10] 9-10 8.5-9.5 8.5-9.5 8.5-9.5 8-9 ‘ 8-9 8-9
Flash NAND tunnel oxide thickness (nm) [11] 7-8 7-8 7-8
Flash NOR interpoly dielectric thickness (nm) [12] 11-13 10-12 8.5-10.5 ‘ 8.5-10.5 8.5-10.5
Flash NAND interpoly dielectric thickness (nm) [13] 13-15 13-15 13-15 13-15 10-13 10-13 10-13
Flash endurance (erase/write cycles) [ 14] 1.00E+05 | 1.00E+05 | 1.00E+05 | 1.00E+05 | 1.00E+05 | 1.00E+05 | 1.00E+05
Flash nonvolatile data retention (years) [15] 10-20 10-20 10-20 10-20 10-20 10-20 10-20
Flash maximum number of bits per cell (MLC) [16] 2 2 4 4 4 4 4
FeRAM technology node — F (nm) [17] 250 180 150 130 120 110 100
FeRAM cell size — area factor a in multiples of F? [18] 15 15 12 12 12 10 10
FeRAM cell size (um) [19] 0.938 0.486 0.270 0.203
FeRAM cell structure [20] 1T1C 1T1C 1T1C 1T1C ‘ 1T1C 1T1C
FeRAM capacitor structure [21] stack stack stack 3D ‘ 3D 3D
FeRAM capacitor footprint (umz) [22] 0.44 0.23 0.16 0058 | 0.048 0.040
FeRAM capacitor active area (pmz) [23] 0.44 0.23 0.16 0.086 ‘ 0.081 0.076
FeRAM cap active area/footprint ratio [ 24] 1.00 1.00 1.00
Ferro capacitor voltage (V) [25] 2.5-3 1.8 15
FeRAM minimum switching charge density (pC/cmz) [26] 12.8 19.8 22.9 40 ‘ 40
FeRAM endurance (read/write cycles) [27] 1.00E+13 | 1.00E+14 | 1.00E+15 >1E16 ‘ >1E16
FeRAM nonvolatile data retention (years) [28] 10 10 10

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known
Manufacturable solutions are NOT known
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50a Non-Volatile Memory Technology Requirements—Near-term (continued)

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM % Pitch (nm) 100 0 80 70 65 57 50
MPU/ASIC Metal 1 (M1) ¥2 Pitch (nm) 120 107 95 85 76 67 60
MPU/AS C %2 Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
SONOS/NROM technology node—F (nm) [29] 130 115 100 90 70 65 55
SONOS/NROM cell size — area factor ain multiples
of F2 [30] 5 5 55 55 6 6 6
SONOS/NROM typical cell size (mmz) [31] 0.085 0.066 0.055 0.045 0.029 0.025 0.018
(S,fﬂ)ll_\lc(:))s[/glzl?OM maximum number of bits per cell 2 2 2 2 2 > 2
SONOS/NROM area per bit (mmz) [33] 0.042 0.033 0.028 0.022 0.015 0.013 0.009
SONOS Lg-stack (physical — pm) [34] 0.18 0.18 0.17 0.17 0.16 0.16 0.16
SONOS highest W/E voltage (V) [35] 6.0-7.0 6.0-7.0 5.0-6.0 5.0-6.0 5.0-5.5 5.0-5.5 5.0-5.5
SONOSNROM |yeaq (HA) [36] 35-45 33-43 31-41 29-39 27-37 25-35 25-35
SONOS/NROM tunnel oxide thickness (nm) [37] 5 4.5 4 3.5 3.5 3.5
SONOS/NROM nitride dielectric thickness (nm) [38] 5 4.5 4 4 4
[S%]\IOS/NROM blocking (top) oxide thickness (nm) 5 5 45 a5 4 4 4
SONOS/NROM endurance (erase/write cycles) [40] 1.00E+06 | 1.00E+06 | 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07
[Sﬁl]\lOS/NROM nonvolatile data retention (years) 10-20 10-20 10-20 10-20 10-20 10-20 10-20
MRAM technology node F (nm) [42] 180 130 90 90 65 55 50
MRAM cell size area factor a in multiples of F2 [43] 24.7 23.7 24.7 22.2 22.2 22.2 222
MRAM typical cell size (ymz) [44] 0.80 0.40 0.20 0.18 0.09 0.07 0.06
MRAM switching field (Oe) [45] 50 60 80 70 90 100 110
MRAM write energy (pJ) [46] 150 100 70 70 50 45 40
MRAM active area per cell (un) [47] 0.28 0.20 0.11 0.10 0.05 0.04 0.03
MRAM resistance-area product (Kohm-unv) [48] 3.0 25 2.0 1.7 15 13 1.2
MRAM magnetoresistance ratio(%) [49] 45 45 50 50 60 60 60
MRAM nonvolatile data retention (years) [50] >10 >10 >10 >10 >10 >10 >10
MRAM write endurance (read/write cycles) [51] >lel5 >lel5 >lel5 >1el5 >lel5 >1el5 >1elb5
X/;ﬁl;/lafr;)cii:;l?gg]— tunnel junction reliability >10 >10 >10 >10 >10 >10 >10
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known  |[@
Manufacturable solutions are NOT known _
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50b Non-Volatile Memory Technology Requirements—Long-term

FeRAM 2003 FEP
FEP

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) ¥z Pitch (nm) 54 42 38 30 27 21
MPU/ASIC % Pitch (nm) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Flash technology node — F (nm) [1] 50 39 35 28 25 20
Flash NOR cell size — area factor a in multiples of F? [2] 12-15 12-15 13-16 14-17 14-17 15-18
Q%S/'“M’\I'_Aé'\‘[%]ce” size — area factor ain multiples of F* 4523 | 4523 | 4523 | 4523 | 4523 | 4523
Flash NOR typical cell size (ymz) [4] 0.034 0.021 0.018 0.012 0.010 0.007
Flash NOR Lg-stack (physical — xm) [5] 0.17-0.19 | 0.15-0.17 | 0.14-0.16 | 0.13-0.15 | 0.12-0.14 | 0.11-0.13
Flash NOR highest W/E voltage (V) [6] 7-9 7-9 7-9 7-9 7-9 7-9
Flash NAND highest W/E voltage (V) [7] 15-17 15-17 15-17 15-17 15-17 15-17
Flash NOR Iyead (2A) [8] 27-33 26-32 25-31 23-29 22-28 20-26
Flash Coupling Ratio [9] 0.6-0.7 0.6-0.7 0.6-0.7 0.6-0.7 0.6-0.7 0.6-0.7

Flash NOR tunnel oxide thickness (nm) [ 10]

Flash NAND tunnel oxide thickness (nm) [11]

Flash NOR interpoly dielectric thickness (nm) [12] 5-7 4-6

Flash NAND interpoly dielectric thickness (nm) [13] 10-13 — — 9-10 9-10

Flash endurance (erase/write cycles) [ 14] 1.00E+06

Flash nonvolatile data retention (years) [15] 10-20

Flash maximum number of bits per cell (MLC) [16]

FeRAM technology node — F (nm) [17]

FeRAM cell size— area factor a in multiples of F2[18]

FeRAM cell size (,umz) [19] 0.065 0.039 0.034 0.020 0.016 0.010

FeRAM cell structure [20] 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C
FeRAM capacitor structure [21] 3D 3D 3D 3D 3D 3D
FeRAM capacitor footprint (um?) [22] 0024 | 0015 0013 0008 | 00061  0.0037

FeRAM capacitor active area (m’) [23] 0071 | 0060 0057 0048 | 0045 0038

1 1 0.7 0.7 0.7 0.7

Ferro capacitor voltage (V) [25]

FeRAM minimum switching charge density (uC/cmz) [26] 40

FeRAM endurance (read/write cycles) [27] >1E16 >1E16 >1E16 >1E16 >1E16 >1E16

FeRAM nonvolatile data retention (years) [28]

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interim solutions are known |4

Manufacturable solutions are NOT known _
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50b Non-Volatile Memory Technology Requirements—Long-term (continued)

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) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
SONOS/NROM technology node — F (nm) [29] 50 40 35 28 25 20
SONOS/NROM cell size — area factor ain multiples of F2 [30] 6 6 6.5 6.5 7 7
SONOSNROM typical cell size (mmz) [31] 0.015 0.010 0.008 0.005 0.004 0.003

SONOS/NROM maximum number of bits per cell (MLC) [32]

SONOS/NROM area per bit (mm2) [33] 0.0038 0.0013 ’ 0.0011 0.0007
SONOS Lg-stack (physical — pm) [34] 0.16 0.15 ‘ 0.14 0.14
SONOS highest W/E voltage (V) [35] 45.-5.0 4.0-4.5
SONOSNROM Iy gqq (HA) [36] 25-35 24-34 23-33 22-32 21-31 20-30
SONOS/NROM tunnel oxide thickness (nm) [37] 3 3 2.5 2.5 2 2
SONOS/NROM nitride dielectric thickness (nm) [38] 4 4 4 4 3.5 3.5
SONOS/NROM blocking (top) oxide thickness (nm) [39] 4 4 4 4 4 4
SONOS/NROM endurance (erase/write cycles) [40] 1.00E+08 | 1.00E+08 | 1.00E+08 | 1.00E+08
SONOS/NROM nonvolatile data retention (years) [41] 10-20 10-20 10-20 10-20 10-20 10-20
MRAM technology node — F (nm) [42] 45 35 32 25 22 18
MRAM cell size — area factor a in multiples of F? [43] 22.2 22.2 22.2 22.2 22.2 22.2
MRAM typical cell size (um?) [44] 0.04
MRAM switching field (Oe) [45] 120
MRAM write energy (pJ) [46] 35
MRAM active area per cell (pmz) [47] 0.03 0.02 0.01 0.01 0.01 0.01
MRAM resistance-area product (Kohmumz) [48] 11 0.95 0.8 0.7 0.6 0.55
MRAM magnetor esistance ratio(%) [49] 60 65 70
MRAM nonvolatile data retention (years) [ 50] >10 >10 >10 >10 >10 >10
MRAM write endurance (read/write cycles) [51] >lelb5 >lelb >lel5 >lelb5 >lel5 >lel5
%I;}AM endurance — tunnel junction reliability (years at bias) >10 >10 >10 >10 >10 >10
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known (@
Manufacturable solutions are NOT known _
[1] CMOS
F
(2] NOR F? a= /F?
[3] "g"= / F? F? NAND
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[10 11]

[12 13]

[14] B/W

[15]

[16]

[17]

[18]

4=
[19] FeRAM
[20] FeRAM

[21]

[22]
2018

[23]

35

NAND 1
(SLC MLC )

NOR um2 797

NOR

W/(L*Cox)

1ES

20 E/W

16
(MLC )

FeRAM “F”

“a’= /F* FeRAM FeRAM

/F?
um’

IT 1C FeRAM

pm?’ 2003 -2004  8F* 2005 -2006 F?

FZ

nC/em?
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Vop

[27] FeRAM
DRAM SRAM
FeRAM El5 1E15
100MHz 10 1E16

[28] 85

[29] SONOS/NROM CMOS 1
CMOS

[30] »a”= cell area / F* SONOS/NROM NOR
F? ONO

[31] “SONOS/NROM NOR pm?

[32] MBC MLC SONOS/NROM
2 2

[33] “SONOS/NROM NOR pm?
[34] SONOS/NROM um MOSFET

[35] oV

[36] W/L*Cox

[37]

[40] E5

[41]
20

[42] MRAM 2007  65nm CMOS
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[43] « » = cell area/ F* P

[44] MRAM um’
[45 ] MRAM ¢ ‘H’ kl

[46] MRAM

[47] MRAM R¥A A

[48] MRAM R*A
R*A Rlow

[49] MRAM 100* Ryg-R  / W om o om

[50] MRAM

[51] MRAM

[52] MRAM

CMOS
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FeRAM

CMOS
CMOS

SONOS/NROM
SONOS

SONOS

ONO

MRAM MTJ

[T3EE] [T3ERE]

MTJ

“H”
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2004 2007 2010 2013 2016 2019

2003 | 2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018

Technology Node

hp90 hp65 hp45 hp32 hp22 hp16

NON-VOLATILE MEMORY

Near Term
Flash scaling trade-offs
FeRAM material improvements
SONOS ONO stack refinement
MRAM material improvements

Long Term

Discovery of alternative materials
and/or alternative NVM structures

| T
W%
1]
| Tz %
D707

I Resecarch Required [N Development Underway [ ] Qualification/Pre-Production V77777772 Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

28 Non-volatile Memory Potential Solutions

Low-k
51
International Sematech Reliability Technical
Advisory Board (RTAB) “Critical Reliability Challenges for International Technology
Roadmap for Semiconductors (ITRS)” 13
High k, , Cw/low-k, SOI, , ,
, , ESD, , , design for reliability, defect screening
51 5 RTAB
PIDS “
7 High-k
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NBTI

Cu/low-k

low-k

Cu/low-k

Design for Reliability

51 Reliability Difficult Challenges

Difficult Challenges > 45 nm/
Through 2010

Summary of |ssues

High-x Gate Dielectrics

Dielectric breakdown characteristics (hard and soft breakdown)
Influence of charge trapping and NBTI on threshold voltage stability
Stability and number of fixed charges

Metal Gate

Impact of metal-ion drift and/or diffusion on gate dielectric reliability
Work function control and stability

Metal susceptibility to oxidation

Thermo-mechanical issues due to large thermal expansion mismatch

Impact of implantation

Copper/Low-k Interconnects

Stress migration of Cu vias and lines
Cu via and line electromigration performance

Thermal-mechanical stability of the interfaces between metals, barriers and interlevel dielectrics and
resulting line-to-line leakage

Time Dependent Dielectric Breakdown (TDDB) of the Cu/low-k system
Reliability impact of lower thermal conductivity of low-k dielectric
Reliability issues due to the porous nature of the low-k dielectrics and moisture

Reliability impact of the lower mechanical strength in the Cu/low-«k system, including the impact of
packaging

Packaging

Ability of bumps to withstand thermal and mechanical stresses while providing sufficient current
carrying capability

Solder joints fracture at 1* and 2™ level interconnects
Electromigration in package traces, vias and bumps

Impact of increasing Coefficient of Thermal Expansion (CTE) mismatch between low-k, silicon and
organic packages
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Design and Test for Reliability

Simulation tools for concurrent optimization of circuit performance and reliability
Tools to simulate electromigration, thermal-mechanical stress and process induced charging
Soft error detection and correction at chip and system level, including random logic faults

Screens for resistive and capacitively coupled interconnect defects

Alternative screens for decreasing burn-in effectiveness

15
Design for reliability
2004 “ ”
2007 “ ” High-k
High-k
High-k
High-k
High-k SOI
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52a Reliability Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM ¥%: Pitch (nm) 100 90 80 70 65 57 50
Early failures (ppm) Customer needs;
(First 4000 operating hours)** [1] 50-2000 | 50-2000 | 50-2000 | 50-2000 [#50-2000 [#50-2000 [#50-2000 new ma_terlals
(High xin 2004)
Long termreliability Customer needs;
(FITS= failuresin 1E9 hours) [2] 10-100 10-100 10-100 10-100 (¢10-100 |®10-100 |®10-100 new me}tenals
(High xin 2004)
Soft error rate (FITs) 1000 1000 1000 1000 |®1000 41000 41000 Scaling
Relative failure rate per transistor Number of
(normalized to 130 nm) [3] 1 g 2HeE g 0= EEci EEci transistors
. . . Customer needs;
Relative failure rate per m of interconnect '
(normalized to 130 nm node) [4] 1 0.84 0.64 058 |[® 052 | 041 & 037 Ji1 length of
interconnect
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |4
Manufacturable solutions are NOT known ;
52b Reliability Technology Requirements—Long-term
Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22
DRAM % Pitch (nm) 45 35 32 25 22 18

Early failures (ppm) (First 4000 operating hours)**[1]

10-100

Long termreliability (FITS= failuresin 1E9 hours) [2] 910-100
Soft error rate (FITs) €—1000
Relative failure rate per transistor (normalized to 130 nm) [3] ® 02
Relative failure rate per m of interconnect (normalized to ® 035
130 nm) [4] :
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
52a  52b

10-100

10-100

Interim solutions are known |9
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[1] 4000 50%
2] IC
[3] IC

[4]

Design-for-reliability

29

29

43

ORTC

(m)

TCAD
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Cu, low-k,

IC
Design for reliability
2004 2007 2010 2013 2016 2019
2003 | 20052006 | 20082009 | 20112012 |, 20142015 | 2017 2018
Technology Node hpoo hp65 hp45 hp32 hp22 hp16

RELIABILITY

Identify failure modes, develop
reliability models; qualification
capabilities; design for reliability
for:

Strained silicon [1]

High-k gate dielectric [2]

Metal gate electrode [3]

Low-k (<2.4) interlevel dielectric [4]
Ultra-thin body (UTB) SOI [5]

Metal gate electrode (near midgap
for UTB-SOI and multiple gate) [6]

Multiple gate MOSFET [7]
Post-Cu global interconnect [8]

Novel devices [9]

| 7%z
———

| Tz iiiig
| W27

29
[1] HP 2004
[2] LOP 2006
[3] HP 2007
[4] 2007
[5] HP 2008
[6] HP 2008

PIDS
[7] HP 2010
[8]2009-2011
[9]

I Rescarch Required [N Development Underway [ ] Qualification/Pre-Production

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

V7777222 Continuous Improvement

29  Reliability Potential Solutions

PIDS
High-k PIDS
PIDS
k<2.4 MPU
Ultra Thin Body SOI PIDS

Ultra Thin Body SOI mid-gap work function

multiple-gate MOSFET PIDS
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I TWG
PIDS High-k
MOSFET( SOl )
CMOS
ITRS
CMOS
ITRS PIDS
PIDS
RF -
MOSFET 100GHz
SoC / /
/RF
ITRS
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