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Table 34a Process Integration Difficult Challenges—Near-term

DIFFICULT CHALLENGES > 65NM / THROUGH 2007

SUMMARY OF |SSUES

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

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

Implementation of metal gate electrode by about 2007.
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 MOSFETSs.

Early availability of manufacturing-worthy high « gate dielectricsis
necessary to meet stringent gate leakage and performance
requirements.

Very slow scaling of Vgq will make overall device scaling difficult.

3. Implementation into manufacturing of
non-classical MOSFET devices (for
example, double-gate SOI).

It is likely that these transistors will be necessary eventually to
control short-channel and other effects in highly scaled
devices. See Emerging Research Devices section,
Non-classical CMOS, for more detail.

4. Ensuring reliability of new materials and
structures in a timely manner.

Accelerated reliability ensurance of high x material for gate stack
will be needed for early insertion into manufacturing.

Ensuring reliability of new gate electrode materials will be a
challenge.

Ensuring reliability of new, non-classical CMOS structures will be a
challenge.

Ensuring reliability of very thin oxy-nitrides with very high leakage
current will be critical for high-performance applications.

Difficulty of screening with high leakage currents

5. Constructing DRAM, SRAM, and high density
nonvolatile memory (NVM) for scaled
technologies

DRAM main issues: adequate storage capacitance for devices with
reduced feature size; 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. Also, the availability of
manufacturing worthy 193 nm lithography and integrated
DRAM etch capability for 100 nm half pitches in 2003.

SRAM: difficult lithography and etch as well as process
integration issues.
NVM: very difficult scaling issues with tunnel and interpoly

dielectrics.

6. High-performance mixed-signal solutions for
scaled technologies.

Passive element scaling:
values.

embedded inductor densities and Q factor

Signal isolation.

Optimizing RF CMOS devices with scaled technologies:
leakage is a particularly sensitive issue.

gate

Transition to reduced analog supply voltages.

Difficulty and cost of integrating analog/RF and high-performance
digital functions on a chip.

Table 34b Process Integration Difficult Challenges—Long-term

DIFFICULT CHALLENGES < 65 nm, BEYOND 2007

SUMMARY OF ISSUES

7. Fundamental improvements in MOSFET device
effective transconductance needed to
maintain device performance scaling trend.

With sharp reductions in V4q and 17% annual increase in
intrinsic transistor speed, basic MOSFET device
performance will be inadequate to meet circuit speed
requirements.




8. Dealing with atomic-level fluctuations and
statistical process variations in sub-30 nm
MOSFETSs.

Fundamental problems of atomic-level statistical fluctuations
are not completely understood.

9. New interconnect schemes

Eventually, copper/low k performances will be inadequate.
Solutions (optical, microwave/RF, etc,) are currently unclear.

10 Toward the end of the Roadmap or beyond,
implementation of advanced non-CMOS
devices and architectures, including

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

Non-CMOS devices may coexist with CMOS: integration of

memory. the two will be difficult, especially for mixed signal.
See Emerging Research Devices sections for more discussion
and detail.
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Table 35a High-performance Logic Technology Requirements—Near-term

YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
DRAM % PITCH (nm) 130 115 100 90 80 70 65
MPU / ASIC % PITCH (nm) 150 130 107 90 80 70 65
MPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35
MPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25
Physical gate length high-performance (HP) (nm) [1] 65 53 45 37 32 28 25
Equivalent physical oxide thickness for high-performance Tgx 1.3-1.6/11.2-1.511.1-1.6/0.9-1.4 0.7-1.20.6-1.1
(EOT)( nm) [2] ' ' ' ' ' ' ' ' : ' : '
Gate depletion and quantum effects electrical thickness
adjustment factor (nm) [3] 0.8 0.8 U.E U.E
Tox electrical equivalent (nm) [4] 2.3 2.1 2.0 2.0

Nominal power supply voltage (Vqq) (V) [5] 1.2 1.1 1.0 1.0 0.9 0.9 0.7
Nominal high-performance NMOS sub-threshold

leakage current, lsg eax (at  25°C) (uAlum) [6] 0.01 | 0.03 | 0.07 | 0.1 0.3 0.7 1
Nominal high-performance NMOS saturation drive current, lgq 900 900 900 900 900 900 900
(at Vqq, at 25°C) (uAlum) [7]
Required percent current-drive "mobility/transconductance 0% 0% 0% 0% 0% 0% 0%
improvement” [8] ° ° ° ° ° ° °
Parasitic source/drain resistance (Rsd) (ohm-um) [9] 190 180 180 180 180 170
Parasitic source/drain resistance (Rsd) percent of 16% 16% A7 A e e

ideal channel resistance (Vqq/lqq) [10] ° ° ° ° ° °
Parasitic capacitance percent of ideal gate capacitance [11] 19% 22% 24% 27% 29% 32% 27%
High-performance NMOS device 7 (Cgate * Vdd / laa-NMOS)(ps) 1.6 1.3 1.1 0.99 0.83 0.76 0.68
[12] . . . . . . .
Relative device performance [ 13] 1.0 1.2 1.5 1.6 2.0 2.1 2.5
Energy per (W/Lgat§=3) deV|c.e switching transition 0347 | 0.212 | 0137 | 0.099 | 0.065 | 0.052 | 0.032
(Cgate* (3*Lgate)* V") (fJ/Device) [14]
Static power dissipation per (W/Lgate=3) device
(Watts/Device) [15] 5.6E-09/6.7E-09|1.0E-08|1.1E-08[2.6E-085.3E-085.3E-08

Table 35b High-performance Logic Technology Requirements—Long-term

[2]

Equivalent physical oxide thickness for high-performance Tox (EOT)( nm)

(nm) [3]

Gate depletion and quantum effects electrical thickness adjustment factor

Tox electrical equivalent (nm) [4]

Nominal power supply voltage (Vgq) (V) [5]

0.5

1.2

IYEAR OF PRODUCTION 2010 2013 2016
DRAM % PITCH (nm) 45 32 22
MPU / ASIC %2 PITCH (nhm) 50 35 25
MPU PRINTED GATE LENGTH (nm) 25 18 13
MPU PHYSICAL GATE LENGTH (nm) 18 13 9
Physical gate length high-performance (HP) (nm) [1] 18 13 9

0.5

1.0

0.5-0.8 0.4-0.6 0.4-0.5

0.5

0.9

25°C) (uAlum) [6]

Nominal high-performance NMOS sub threshold leakage current, lsq,eak (at

25°C) (uAlum) [7]

Nominal high-performance NMOS saturation drive current , l4q

(at Vqq, at

1500

(8]

Required percent current-drive "mobility/transconductance improvement"

Parasitic source/drain resistance (Rsd) (ohm-zm) [9]

(Vad/lgq) [10]

Parasitic source/drain resistance (Rsd) percent of ideal channel resistance

Parasitic capacitance percent of ideal gate capacitance [11]

High-performance NMOS device 7 (Cgate * Vdd / 1aa-NMOS)(ps) [12]

0.39

Relative device performance [13]

4.3

(fa/Device) [14]

Energy per (W/Lgate=3) device switching transition (Cgate*(S*Lgate)*Vz)

0.01

5

Static power dissipation per (W/Lgate=3) device (Watts/Device) [15]

70%
90

30%

0.22
7.2

0.007

9.7E-08[1.4E-07|1.1E-07

1500

100%

80

35%

0.15
10.7

0.002




White—Manufacturable Solutions
Optimized
Yellow—Manufacturable Solutions are Known

Exist,

Red—Manufacturable Solutions are NOT Known
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Table 36a Low Operating Power (LOP) Logic Technology Requirements—Near-term

IYEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
DRAM % PITCH (nm) 130 115 100 90 80 70 65
MPU / ASIC % PITCH (nm) 150 130 107 90 80 70 65
MPU PRINTED GATE LENGTH (nhm) 90 75 65 53 45 40 35
MPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25
Physical gate length low-operating power (LOP) 90 75 65 53 45 37 32
(nm) [1]
Equivalent physical oxide thickness for LOP Tgyx 20-2.4|1.82.211.6-2.0l1.4-1.8/1.2-1.6/1.1-1.5
(EOT) (nm) [2] . . . . . . . . . . . . .
Electrical thickness adjustment factor
(gate depletion and quantum effects) (nm) [3] 0.8 0.8 -8 -8 -8 -8
Tox electrical equivalent (nm) [4] 3.0 2.8 2.6 2.4 2.2 2.1
Nominal LOP power supply voltage (Vgq) (V) [5] 1.2 1.2 1.1 1.1 1 1 0.9
Nominal LOP NMOS sub-threshold leakage current

’ 100 100 100 300 300 300 700
Isd,leak (@25C) (pA/ym) [6]
Nominal LOP NMOS Saturation drive current, lqq 600 600 600 600 600 600 700
(@Vdd, @25C) (uAlum) [7]
Required percent current-drive o o o o o o o
"mobility/transconductance improvement" [8] 0% 0% 0% 0% 0% 0% 0%
LOP NMOS Device 7 (Cgate * Vdq / 1d-NMOS) (ps) [9] | 2.55 2.45 2.02 1.84 1.58 1.41 1.14
LOP relative device performance [ 10] 1.0 1.04 1.3 1.4 1.6 1.8 2.2
Energy per (W/Lgate=3) device switching transition 0496 | 0424 | 0260 | 0193 | 0.128 | 0.094 | 0.069
(Cgate* (3*Lgate)*V?)  (fJ/Device) [11]
Static power dissipation per (W/Lgate=3) device 3.2E-11]2.9E-112.1E-11(5.2E-11/4.1E-11[3.3E-11[6.0E-11
(Watts/device) [12]

Table 36b Low Operating Power (LOP) Logic Technology Requirements—Long-term

Equivalent physical oxide thickness for LOP Tox (EOT) (nm) [2]

Electrical thickness adjustment factor

IYEAR OF PRODUCTION 2010 2013 2016
DRAM % P1TCH (nm) 45 32 22
MPU / ASIC %2 PITCH (nhm) 50 35 25
MPU PRINTED GATE LENGTH (nm) 25 18 13
MPU PHYSICAL GATE LENGTH (nm)] 18 13 9
Physical gate length low-operating power (LOP) (nm) [1] 22 16 11

0.8-1.2/0.7-1.1 0.6-1.0

Static power dissipation per (W/Lgate=3) device (Watts/Device) [12]

5.3E-11|1.0E-10/2.0E-10

White—Manufacturable Solutions

Optimized

EXxist,

Yellow—Manufacturable Solutions are Known

and

Red—Manufacturable Solutions are NOT Known

Are Being

(gate depletion and quantum effects) (nm) [3] 0.5 ‘ 0.5 ‘ 0.5
Tox electrical equivalent (nm) [4] 15 | 1.4 1.3
Nominal LOP power supply voltage (Vqq) (V) [5]

Nominal LOP NMOS sub-threshold leakage current, lsg,cax (@25C) 1000 3000 | 10000
(pAlum) [6]

Nominal LOP NMOS saturation drive current, lqg (@Vqgq, @25C) (uA/um) 700 800

[7]

Required percent current-drive "mobility/transconductance improvement" 10% 30%

[8]

LOP NMOS device 7 (Cgate * Vdd / 1da-NMOS) (ps) [9] 0.85 0.56

LOP relative device Performance [10] 3.0 4.6 7.2
Energy per (W/Lgate=3) device switching transition (Cgate* (3* Lgate)*Vz) 0.032 | 0.015 MG
(fJ/Device) [11] ’ ’ :




Table 36¢c Low Standby Power (LSTP) Technology Requirements—Near-term

IYEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
DRAM % PITCH (nm) 130 115 100 90 80 70 65
MPU / ASIC %2 PITCH (nhm) 150 130 107 90 80 70 65
MPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35
MPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25
Physical gate length low-standby power

(LSTP) (nm) [1] 90 75 65 53 45 37 32
Equivalent physical oxide thickness for 2 4-28l22-2 6202 4l1 8.2 2

LSTP  Tox (EOT) (nm) [2] S I i

Electrical thickness adjustment factor (gate

depletion and quantum effects) (nm) [ 3] 0.8 0.8 0.8 0.8

Tox €lectrical equivalent (nm) [4] 3.4 3.2 3.0 2.8

Nominal LSTP power supply voltage (V4q) 1.2 1.2 1.2 1.2

(V) [5]

Nominal LSTP NMOS sub-threshold current

(at 25° C) (pAlum) [6] 1 1 e e & & &
Nominal LSTP NMOS saturation current 300 300 400 400 400 400 500
drive (l4q) (at Vqq, at 25°C) (mA/um) [7]

Required percent current-drive

"mobility/transconductance improvement" 0% 0% 0% 0% 0% 0% 0%
[8]

LSTP NMOS device 7 (Cgate * Vaa / 461 | 4.41 | 2.96 | 2.68 | 2.51 | 2.32 | 1.81
1d-NMOS) (ps) [9] ' ' ' ' ' ' '
LSTP relative device performance [10] 1.00 1.05 1.6 1.7 1.8 2.0 2.6
Energy per (W/Lgate=3) device switching

transition (Cgate*(3*Lgate)*V2) (fi/device) | 0.448 | 0.381 | 0.277 | 0.204 | 0.163 | 0.123 | 0.095
[11]

Static power dissipation per (W/Lgate=3) |3 2E.13].9E-132.3E-13(1.9E- 13 iMITNEEREI T EEIEIE
device (Watts/device) [12]

Table 36d Low Standby Power (LSTP) Technology Requirements—Long-term

(EOT) (nm) [2]

Equivalent physical oxide thickness for LSTP  Tgx

Electrical thickness adjustment factor
(gate depletion and quantum effects) (nm) [3]

Tox electrical equivalent (nm) [4]

Nominal LSTP power supply voltage (Vqq) (V) [5]

(pA/pum) [6]

Nominal LSTP NMOS sub-threshold current (at 25° C)

(14q) (at Vq4q, at 25°C) (mA/um) [7

]

Nominal LSTP NMOS saturation current drive

YEAR OF PRODUCTION 2010 2013 2016
DRAM % PITCH (nm) 45 32 22
MPU / ASIC % PITCH (nhm) 50 35 25
MPU PRINTED GATE LENGTH (nm) 25 18 13
MPU PHYSICAL GATE LENGTH (nm) 18 13 9
Physical gate length low-standby power (LSTP) (nm) [1] 22 16 11

Required percent current-drive

"mobility/transconductance improvement" [8]

LSTP NMOS device 7 (Cgate * Vdd / 1d-NMOS) (ps) [9]

LSTP relative device performance [10]

Energy per (W/Lgate=3) device switching transition
(Cgate* (3* Lgate)* V2) (fi/device) [11]




Static power dissipation per (W/Lgate=3) device
(Watts/device) [12]

White—Manufacturable
Optimized

Solutions Exist, and

Yellow—Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Known
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DRAM,” |[EDM tech. Digest, pp. 349-352, 2000.



Table 37a

DRAM Technology Requirements—Near-term

YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
DRAM 1/2 Pitch (nm)[1] 130 115 100 90 80 70 65
MPU / ASIC % PITCH (nm) 150 130 107 90 80 70 65
MPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35
MPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25
DRAM cell size (ymz) [2] 0.135 0.106 0.060 0.049 0.038 0.029 0.025
DRAM storage cell dielectric:
equivalent physical oxide 2.04 1.80 1.20 1.00 0.45 0.32 0.22
thickness, EOT (nm) [3]
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
Table 37b DRAM Technology Requirements—Long-term

IYEAR OF PRODUCTION 2010 2013 2016

DRAM % PIiTCH (nm) [1] 45 32 22

MPU / ASIC % PITCH (nhm) 50 35 25

MPU PRINTED GATE LENGTH (nm) 25 18 13

MPU PHYSICAL GATE LENGTH (nm) 18 13

DRAM cell size (um?) [2] 0.0122

DRAM storage cell dielectric:
(nm) [3]

equivalent physical oxide thickness, EOT

DRAM retention time (ms) [4] 64 64 64
DRAM soft error rate (fits) [5] 1000 1000 1000
White—Manufacturable Solutions Exist, and Are Being
Optimized
Yellow—Manufacturable Solutions are Known
Red—Manufacturable Solutions are NOT Known -I
[1] ORTC Overall Road Technology Characteristics la DRAM
1999 2000
[2] DRAM FEP DRAM
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FEP DRAM
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“ wgn wgn
47 32nm
[3] ETO FEP DRAM
ORTC la 1b DRAM
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Table 38a Non-Volatile Memory Technology Requirements—Near-term

IYEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
DRAM % Pitch (nm) 130 115 100 90 80 70 65
MPU / ASIC Y% Pitch (nm) 150 130 107 90 80 70 65
MPU Printed Gate Length (nm) 90 75 65 53 45 40 35
MPU Physical Gate Length (nm) 65 53 45 37 32 28 25
Flash technology node — F (nm) [1] 150 130 115 100 90 80 70
Flash NOR cell size —area factor a in multiples of
F2[2] 10-12 10-12 10-12 11-14 11-14 11-14 11-14
Flash NAND cell size —area factor a in multiples 5 5 55 45 45 45 45/23 | 4.5/2.3
of F2 sLc/MLC [3] ' ' : ' ' e e
Flash NOR typical cell size (,umz) [4] 0.248 0.186 0.145 0.125 0.101 0.080 0.061
Flash NOR Lg-stack (physical- um) [5] 0.2970.310.250.210.2270.210.21°0-215 2 0.22 0.2-0.22 |
Flash NOR highest W/E voltage (V) [6] 8-10 8-10 8-10 8-10 7-9 7-9 7-9
Flash NAND highest W/E voltage (V) [7] 19-21 18-20 18-20 18-20 18-20 17-19 17-19
Flash NOR lyeaq (#A) [8] 36-44 35-43 34-42 33-41 31-39 28-36 29-37
Flash Coupling Ratio [9] 0.65-0.7|0.65-0.7(0.65-0.7 |0.65-0.7|0.65-0.7|0.65-0.7 0.6-0.7
5 5 5 5 5 5

Flash NOR tunnel oxide thickness (nm) [10] 9.5-10.5| 9.5-10 9-10 9-10 8.5-9.5 ‘ 8.5-9.5 8.5-9.5
Flash NAND tunnel oxide thickness (nm) [11] 8.5-9.5 8.5-9 8-9 8-9 m 7.5-8 7.5-8
El-g]sh NOR interpoly dielectric thickness (nm) 13-15 12-14 11-13 11-13
El-g]sh NAND interpoly dielectric thickness (nm) 14-16 13-15 12-14 12-14
Flash endurance (erase/write cycles) [14] 1E5 1E5 1E5 1E5 1E5 1ES5 1ES
Flash nonvolatile data retention (years) [15] 10 10-20 10-20 10-20 10-20 10-20 10-20
Flash maximum number of bits per cell (MLC) 2 2 4 4 4 4 4
[16]
FeRAM technology node - F (nm) [17] 500 350 250 220 180 150 130
FeRAM cell size —area factor a in multiples of

2 60 40 24 16
F* [18]
FeRAM cell size (ymz) [19] 15 4.9 1.5 0.518 0.225 0.169
FeRAM cell structure [20] 2T2C 1T1C 1TicC 1T1C 1T1C 1T1C 1T1C
FeRAM capacitor structure [21] planar planar stack stack stack stack 3D
Ferro capacitor voltage (V) [22] 3.0 3.0 2.5 1.8 1.5
FeRAM endurance (read/write cycles) [23] 1E12 1E13 1E14 1E15 >1E16 ‘ >1E16 >1E16
FeRAM nonvolatile data retention (years) [24] 10 10 10 10

White—Manufacturable Solutions Exist, and Are Being

Optimized

Yellow—Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Known
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Table 38b Non-Volatile Memory Technology Requirements—Long-term

YEAR OF PRODUCTION

2010 2013 2016
DRAM % PITCH (nm) 45 32 22
MPU / ASIC % PITCH (nm) 50 35 25
MPU PRINTED GATE LENGTH (nm) 25 18 13
MPU PHYSICAL GATE LENGTH (nm) 18 13 9
Flash technology node - F (nm) [1] 50 35 25
Flash NOR cell size —area factor a in multiples of F2[2] 12-15 13-16 14-17
Flash NAND cell size —area factor a in multiples of F2 sLc/MLC | 4-5/2.3 | 4.5/12.3 | 4.5/2.3
[3]
Flash NOR typical cell size (ymz) [4] 0.034 0.018 0.010
Flash NOR Lg-stack (physical- zm) [5]
Flash NOR highest W/E voltage (V) [6]
Flash NAND highest W/E voltage (V) [7] 17-19 16-18 16-18
Flash NOR I _read (uA) [8] 27-33 25-31 22-28
Flash Coupling Ratio [9] 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]
Flash NAND interpoly dielectric thickness (nm) [13]
Flash endurance (erase/write cycles) [14]
Flash nonvolatile data retention (years) [15]
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]

8

FeRAM cell size (um?) [19]

FeRAM cell structure [20]

1TiC

FeRAM capacitor structure [21]

3D

Ferro capacitor voltage (V) [22]

1.0

FeRAM endurance (read/write cycles) [23]

>1E16

FeRAM nonvolatile data retention (years) [24]

8

1T1C
3D
0.7
>1E16

8

1T1iC
3D
0.7
>1E16

38b

White—Manufacturable Solutions Exist, and

Optimized
Yellow—Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Known
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[20 21]
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FeRAM
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CMOS Si SiGe
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Table 39a Mixed-signal Device Technology Requirements—Near-term
YEAR OF PRODUCTION 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 |OWNER
DRAM % PITCH (nm) 130 115 100 90 80 70 65 ORTC
MPU / ASIC % PITCH (nm) 150 130 107 90 80 70 65 ORTC
MPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35 ORTC
MPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25 ORTC
ASIC/Low Power Physical Gate Length (nm) [1] 90 75 65 53 45 37 32 ORTC
Minimum Supply ~. .. .
Voltage Digital Design (V)[2] 1.2 1.1 1.0 1.0 0.9 0.9 0.7 PIDS
Analog Design (V) [3] 3.3-1.8 2.5-1.8 DESIGN
Frequency Range RF (GHZz) [4] 0.5-10 0.5-20 0.5-30| PIDS
Analog (GHZz)[5] 0.1-2 0.1-4 0.1-6 | PIDS
Bipolar RF Device Current (HA) [6] 100 100 75 75 75 50 50 PIDS
fmax (GHz) [7] 90 100 | 110 | 120 | 130 | 140 | 160 | PIDS
ft (GHz) * [8] 45 50 55 60 65 70 80 PIDS
Gm/ Gce @We-min ** [9] 1250 | 1250 | 1200 | 1200 | 1200 | 1150 | 1150 | PIDS
1/f Noise (uVZ2-um? / Hz) [10] 10 10 5 5 5 2.5 | 2.5 | PIDS
Bipolar Analog
Device Current (pA) [11] 65 60 55 50 45 40 35 | PIDS
1/f Noise (uVZ-um? / Hz)[12] 10 10 5 5 PIDS
3o current matching (%) [13] 1 1 1 1 PIDS
NMOS RE Device Tox (NM) [14] 1.36—1 1.25—1 1.16—1 0.94—1. 0.8-1. 0.72—1. 0.6-1. PIDS
fmax (GHz) [15] 160 | 165 | 170 | 175 [EEIOREEE:]S DESIGN
ft (GHz) *** [16] 132 149 183 225 264 322 PIDS
[G’lrg]’ Gds @Lmin-digitall 55 | 50 | 20 | 20 [EIEEEEL DESIGN
18] @10-Lmin-digital | 159 | 100 | 100 | 100 [EERICRMEETE DESIGN
1/f Noise (pV2-um? / Hz) [19] 500 | 500 | 300 | 300 [RELJEEX DESIGN
30 Vi matching (mV-pm) [20] 5 5 5 5 4 4 DESIGN
NMOS Analog Device Tgy (nm) [21] 7-2.5|7-2.5|5-2.5|5-2.5|5-2.5|5-2.5|5-2.5| PIDS
0.5-0.|0.5-0.|0.5-0.|0.5-0.|0.4-0.|0.4-0.(0.4-0.
Analog Vi (V) [22] 3 2 > > 2 2 2 DESIGN
Gm / Gds
@10-Lmin-digital [23] 200 200 200 200 200 200 200 |(DESIGN
1/f Noise (pV2-um? / Hz) [24] 1000 | 500 | 500 | 500 | 300 | 300 | 300 |DESIGN
3o Vi matching (mV-pm)[ 25] 21 21 15 15 15 15 15 |DESIGN
Analog Capacitor Density (fF/pmz) [26] 2 3 3 8 4 4 4 DESIGN
Q (1 / k2?-um?.GHz) [27] 200 | 300 | 300 | 300 | 450 | 450 | 450 |DEsiGN
Voltage linearity (ppm/ V2) [28] 100 100 100 100 100 100 100 |DESIGN
Leakage (fA/ [pF-V])[29] 7 7 7 7 7 7 7 DESIGN
30 Matching (%-umz)[30] 4.5 3 S 3 2.5 2.5 2.5 |DEsIGN
RF Bypass Capacitor Density (fF/um?)[31] 7 7.5 8 9 10 11 12 | PIDS
Q (1 / k2% pm?.GHz) [32] 22 25 27 29 30 30 30 | PIDS
Voltage linearity (ppm / V) [33] 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | PIDS
Resistor Resistance (£ /sq. )[34] 100 100 100 100 100 100 100 |DESIGN




Q (k@?-um?.GHz)[ 35] 1000 | 1500 | 1500 | 1500 | 2000 | 2000 | 2000 |DEsIGN
Temp. linearity (ppm / °C)[ 36] 60 60 50 50 50 40 40 |DESIGN
30 Matching (%-um) [37] 9 8 8 8 7 7 7 DESIGN
1/f current n0|25e per current 1018 [ 10728 | 10718 | 10728 | 10728 | 10728 | 1078 |DESIGN
(1 /[pm~-Hz]) [38]
Inductor Density (nH/pm?)[39] 0.03 | 0.03 [ 0.03 | 0.03 | 0.03 | 0.03 | 0.03 |DEsIGN
Qzds  [40] 12 15 17 18 19 20 20 |[DEsSIGN
Signal Isolation """ [Tﬁ]”sm'ss'o” coefficient S21 (dB)| 146 | _100 | -100 | -100 | -120 | -120 | -120 | PIDS
* [4] RF-CMOS [15,16]
o CMOS Gm/Gds[17]
**%x AS|C/LP [1]

* Kk Kk

White—Manufacturable Solutions Exist, and Are Being
Optimized
Yellow—Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Known !

Table 39b Mixed-signal Device Technology Requirements—Long-term

fmax (GHz) [7]

ft (GHz) * [8]

Gm/ Gce @We-min ** [9]

1/f Noise (LVZ-um? / Hz) [10]
Bipolar Analog Device Current (HA) [11]

1/f Noise (LVZ-um? / Hz) [12]

3o current matching (%) [13]
NMOS RF Device Tox (NM) [14] 0.5-0.8 0.4-0.6

30 Vip matching (mV-pum) [25] 9
lAnalog Capacitor Density (fF/um?) [26] 10

Voltage linearity (ppm / VZ) [28] 100
Leakage (fA/ [pF-V]) [29] 7

RF Bypass Capacitor Density (fF/um?) [31] 20
Q (1 / k2*pum?.GHz) [32] 40

Q (17 k2*um?.GHz) [27] 1000

IYEAR OF PRODUCTION 2010 2013 2016 OWNER
DRAM % PITCH (nm) 45 32 22 ORTC
MPU / ASIC % PITCH (nhm) 50 35 25 ORTC
MPU PRINTED GATE LENGTH (nm) 25 18 13 ORTC
MPU PHYSICAL GATE LENGTH (nm) 18 13 9 ORTC
IASIC/Low Power Physical Gate Length (nm) [1] 22 16 11 ORTC
\";'(')I”t'g‘ém SUPPYY i gital Design (V) [2] 0.6 0.5 0.4 PIDS

Analog Design (V) [3] 1.8-1.0 1.5-1.0 DESIGN
Frequency Range RF (GHz)[4] 0.5-50 0.5-75 | 0.5-100 PIDS

Analog (GHZ)[5] 0.1-15 PIDS
Bipolar RF Device Current (HA) [6] 5

0.4-0.5 PIDS

fmax (GHz) [15] 200-230 230-260 260-290 [EsJISLelN
ft (GHz) *** [16] 744 PIDS
Gm/ Gds @Lmin-digital [17] 20 DESIGN
@10-Lmin-digital
[18] 100 DESIGN
1/f Noise (LVZ-pm? / Hz) [19] 100 DESIGN
30 Vi matching (mV-um) [20] 2.5 2.5 DESIGN
NMOS Analog Device Tgy (nm) [21] 3-1.3 2.5-1.3 PIDS
Analog Vip (V) [22] 0.3-0.1| 0.2-0.1 DESIGN
[Gzrgll Gds @10-Lmin-digital 200 200 DESIGN
1/f Noise (qu-um2 | Hz) [24] 100 100 DESIGN

7.5 DESIGN
15 DESIGN

1

100 DESIGN

30 Matching (%-um?) [30] 1.5

500 DESIGN

7 DESIGN
1 DESIGN

40




Voltage linearity (ppm/ V) [33] 1000 1000 1000 PIDS
Resistor Resistance (2 / ) [34] 100 DESIGN
Q (k2% pm?.GHz) [35] 3000 4500 6000 DESIGN
Temp. linearity (ppm / °C) [36] 30 DESIGN
30 Matching (%-um) [37] 6 6 6 DESIGN
1/f current noise per current? -19 _19 .19 DESIGN
(11 [me-Hz]) [38] 4x10 3x10 2x10
Inductor Density (nH/um?) [39] 0.025 0.02 0.01 DESIGN
Q3zdp [40] 30 40 50 DESIGN
Signal Isolation Transmission coefficient S21 (dB) [41] -120
* [4] RF-CMOS [15,16]
*x CMOS Gm/Gds[17]
*** ASIC/LP [1]
*KhkKk*k
White—Manufacturable Solutions Exist, and Are Being
Optimized
Yellow—Manufacturable Solutions are Known
Red—Manufacturable Solutions are NOT Known -I
39a 39b
[1] ORTC a,b
ORTC
[2] (HP) vVdd RF CMOS
[3] 2
CMOS Vt
1/0
[4]
[5] DSP / ADC RF
[6] Ic RF
RF
[71
[8] fi  fuax
[9] RF G, ql./kT 1/R,,=G,,



Ic/VEarIy Gm/Gce VEarIy/(kT/q)
SiGe
[17][18]
[10] lum? 1Hz
JFETs 1/f /
[11] [6]
[12] [10]
[13] 20pum?
[14] (HP)
[15] NMOS
[16] NMOS
[17] CMOS
Vt 100mV
[18] 10 CMOS
Vt 100mV
[19] 1Hz NMOS
VCO
1/f /
JFETs
[20] NMOS
5 mV um
Sio2
DC
[21] [3]
[14]
[22] [3]

[23]

CMOS

[6]
CMOS
1/f
Sio,
NMOS RF
[16]
9]
[9]
1/f
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AV =T [nmImV pm
Sio, CMOS
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10 NMOS

fe/ fmax
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CMOS  1/f

CMOS
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100mV
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[24] [19]

[25] [20]

[26]

7fF/um?

[27] Q

[28]

[29]

[30]
[31] 2003

[32]

[33]
[34] [35-38]

10-100-1000Q/sq
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[35] Q
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[40] Qa4 172 Q
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CMOS
20
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Table40a Reliability Technology Requirements—Near-term

IYEAR OF PRODUCTION 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 DRIVER
DRAM % Pitch (nm) 130 | 115 | 100 90 80 70 65
MPU / ASIC % Pitch (nm) 150 130 107 90 80 70 65
MPU Printed Gate Length (nm) 90 75 65 53 45 40 35
MPU Physical Gate Length (nm) 65 53 45 37 32 28 25
Customer reliability expectations*
Early Failures (ppm) (First 4000 50-20(50-20/50-20[50-20 BJeEVANNEVINNERIl CUSTOMER NEEDS; NEW
operating hours)** [1], [3] 00 00 00 00 MATERIALS
Long termreliability (FITS = failures in[10-10(10-10{10-10(10—-10 NeEXROENENNENESN] CusTOMER NEEDS; NEW
1E9 hours) [2, [3]] 0 0 0 0 MATERIALS
Soft Error Rate (FITs) [4] 1000|1000 (1000|1000 SCALING
Relative Failure Rate per Transistor
(normalized to 130nm) [3],[5] 1 0.7 [VR-ENNICIl 0.25 0.18 0.13 NUMBER OF TRANSISTORS
Relative Failure Rate per m of CUSTOMER NEEDS;
interconnect (normalized to 130nm 1 0.82 | 0.74 | 0.66 J11LENGTH OF
node)[ 6] INTERCONNECT
ESD protection voltage (V/um) [7] 10.5 (10.5 | 12 12 13 |13.5 14 SCALING
ESD protection circuit effectiveness 3.5-4|3.5-4|4.0-4|4.0-4|4.5-5
(VIum?) [8] S oo | 5| s | o ScaLING
White—Manufacturable Solutions Exist, and Are Being
Optimized
Yellow—Manufacturable Solutions are Known
Red—Manufacturable Solutions are NOT Known -I
Table40b Reliability Technology Requirements—Long-term
YEAR OF PRODUCTION 2010 | 2013 | 2016 DRIVER
DRAM % PITCH (nm) 45 32 22
MPU / ASIC % PITCH (nhm) 50 35 25
MPU PRINTED GATE LENGTH (nm) 25 18 13
MPU PHYSICAL GATE LENGTH (nm) 18 13 9

Early Failures (ppm) (First 4000 operating hours)**
[1], [3]

50-20 50-20 50-20
(0]0] (0]0] (0]0]

Long termreliability (FITS = failures in 1E9 hours)
[2], [3]

CUSTOMER NEEDS; NEW MATERIALS

10-10 10-10 10-10
(0] (0] 0

Soft Error Rate (FITs) [4]

CUSTOMER NEEDS; NEW MATERIALS

Relative Failure Rate per Transistor (normalized to
130nm) [3], [5]

SCALING

0.04

Relative Failure Rate per m of interconnect
(normalized to 130nm) [ 6]

0.39

0.02

0.25

0.006

NUMBER OF TRANSISTORS

0.18

CUSTOMER NEEDS; J11LENGTH OF

INTERCONNECT
ESD protection voltage (V/um) [7] 15 17.5 20 SCALING
ESD protection circuit effectiveness (V/,umz) [8] 5'50_6' 7.5-10(9.5-14 SCALING
White—-Manufacturable Solutions Exist, and Are Being

Optimized

40a

40b

Yellow—Manufacturable Solutions are Known
Red—Manufacturable Solutions are NOT Known



[1] 4000

[2] IC
[3] 2005

[4]

[5] IC

[6]

[7]

pm NMOS ESD

(8l
Discharge: )

MOSFET

Barrier Lowering:

EOT

50%

NMOS
V oy m?
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(EOT)
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ESD(Electrostatic Discharge: ) \%
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DIBL(Drain Induced
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90nm MOSFET

Non-classical ( JCMOS
Non-classical CMOS

90nm MOSFET

2010
17% MOSFET

SiGe

MOSFET

CMOS

FeRAM

PIDS



PZT  SBT
DRAM
/ / (MIS) AlLO,
/ /
100
DRAM IC

DRAM

Ta,0,4
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First Year of IC Production 2001 2003 2005 2007 2009 2011 2013 2015 2017

2002 2004 2006 2008 2010 2012 2014 2016

High-Performance and Low Power
Logic Transistors

Oxynitride or nitride gate dielectrics

High x gate dielectrics

Dual metal gate electrodes

Ultra-shallow junction technology

Low-resistance junction technology

Multi-threshold, multi-oxide device integration

Dynamic threshold device integration

High-mobility channel materials

Non-classical CMOS device structures*

Emerging research logic devices*

Emerging research circuit/system architectures*

DRAMs
High « dielectric

Al,O; & Ta,0;, MIS structure (x ~ 10-25)
MIM Structures (x ~ 20-50)
BST or other materials (x>100)

Low « dielectric bitline (delayed for cost reasons
from deployment in logic technologies)

Tungsten electrodes for word and bit lines

Emerging research memory devices*

NVMs

Emerging research memory devices
(near-term)*

Emerging research memory devices
(long-term)*

Ferroelectric and interface materials optimization

New ferroelectric materials

I Rescarch Required [/ Dpevelopment Underway [ qualification/Pre-Production

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

* Taken from Front End Processes I TWG information

Figure21 Memory and Logic Potential Solutions
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(1F)
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CMOS

1/f

BiCMOS
180nm
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CMOS
1/f
SRAM,
Q
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SOl
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First Year of IC Production

2001 2003 2005 2007 2009 2011

2002 2004 2006 2008 2010

2013 2015 2017
2012 2014 2016

Active Devices

Technology Platforms

Substrates

Thresholds

Multiple Gate Oxides

Integrated Passive Devices
Interconnect

High « dielectrics

High density structures

Inductor structures

High-Q MEMS structures

Integral Passive Devices
Printed wiring board

Package

Matching
Active compensation

Low Dt processes
Signal Isolation

Substrates

Substrate/interconnect

Interconnect/package

Signal/Noise Enhancement

Device

Circuit architecture

Multiple Vt
Active Vt Regu

BICMOS
|CMOS

Bulk Silicon
SOl

| "1/0" Ox.

Triple "Analog" Oxide |

| Copper

>5fFlum,

3D Toroid

Transformers |

Inductors, Resonators, Capacitors

IIBTCOI’IHBC[

Differential Self-Adaptive Vt, Electro

Atomic Layer Epitaxy RTP

Triple Wells

High-Resistance Silicon Substrates

SOl

Damascene Faraday Shie)

Buried Metal Faraday Shielding

Micromachining

Optical Isolation

Bulk Accumulation Mode|

SOl Accumulation Mode

Optical Isolation

_ Research Required

: 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.

Figure 22 Mixed-signal Device Potential Solutions
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[1]
[2]
[3]
[4] 2005
[5] 2007
[6] 2012

First Year of IC Production

2001 2003 2005 2007 2009 2011 2013 2015 2017
2002 2004 2006 2008 2010 2012 2014 2016

Develop validated reliability
models, qualification capabilities,

and design for reliability tools for:

Low k interlevel dielectric [1]
Alternate gate stack [2]

Ultra low k (2.0<x<2.6)

interlevel dielectric [3]

SOC with MEMS and sensors [4]

Non-classical devices [5]

Post-Cu interconnect [6]

___Emn
___Emn

I Rcscarch Required

=" pevelopment Underway [ Qualification/Pre-Production

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

Figure 23

2002
2005
2005

Reliability Potential Solutions

LSTP

Cu



Emerging Research Devices

Emerging Research Devices

non-classical CMOS

MOSFET CMOS  65nm
MOSFET
FEP
PIDS CMOS
CMOS

Non-classical CMOS
Non-classical CMOS

CMOS CMOS

CMOS



2001 ITRS

non-classical MOSFET CMOS

CMOS
65nm

Table 41 Emerging Research Devices Difficult Challenges

DIFFICULT CHALLENGES > 65 nm, THROUGH SUMMARY OF |ISSUES
2007
Implementation into manufacturing of Select most promising choice of device
non-classical (non-bulk) MOSFET structure

devices (for example, dual-gate SOI). Timely development, process integration, and

qualification.

DIFFICULT CHALLENGES < 65 nm, BEYOND 2007

Toward the end of the Roadmap or beyond, Will drive major changes in process, materials,
implementation of novel, non-CMOS physics, design, etc.
quICES and architectures, including Novel devices may coexist with CMOS:
interconnect and memory.

integration of the two.

Emerging Research Devices

non-classical CMOS

application-specific

SoC
SiP System in a package CMOS

CMOS



Emerging Technology Sequence

Defect Molecular CNN Quantum .
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Figure 24 Emerging Technology Sequence
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Table 42 Non-Classical CMOS

ULTRA-THIN BODY BAND-ENGINEERED VERTICAL DOUBLE-GATE
DEVIcE SOl TRANSISTOR TRANSISTOR FINFET TRANSISTO
Fully depleted SiGe or Strained Double-gate or surround-gate structure
CONCEPT y P Si channel; bulk (No specific temporal sequence for these three

SOl

Si or SOI

structures is intended)

APPLICATION/

Higher performance, Higher transistor density, Lower power dissipation

DRIVER
-Higher drive -Higher drive
current current

-Improved -Higher drive -Higher drive -Improved -Improved
subthreshold current current subthreshold subthreshold

ADVANTAGES slope -Compatible with | Lithography slope slope

V¢ bulk and SOI independent -Improved -Improved
controllability CMOS Lg short channel short channel
effect effect
-Stacked NAND | -Stacked NAND
-Gate
li t
-Si film _Si film atgnmen
o thickness thickness -Si film
-Si film . - thickness
h -High mobility -Gate stack -Gate stack
thickness : : L -Gate stack
film thickness, -Integrability -Process
SCALING -Gate stack i . -Integrabilit
in case of SOI p complexit 9 y
IssuES -Worse short “rrocess P y -Process
-Gate stack complexity -Accurate :
channel effect . complexity
-Integration -Accurate TCAD
than bulk CMOS . . _Accurate
TCAD including QM TCAD
includin M effect . .
9Q including QM
effect
-I?]evice . -Device characterization
DESIGN cCaracteilzat:jorll -Device -PD versus FD
CHALLENGES | ~ompact mode characterization | -Compact model and parameter extraction
and parameter ) - . . . .
extraction -Applicability to mixed signal applications
MATURITY Development
TIMING Near Future >
Non-classical CMOS
so/%31 SOl CMOS
SOl
CMOS
22nm CMOS 5nm
5 — 20nm Si 10 —
30nm (3] CMOS

SOl




[4-6]

gm

SiGe SiGe Si
SOl
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Table 43 Emerging Research Memory Devices

STOR NANO
AGE PHASE SINGLE/FEW
MEC E:iEHI;\IlgLEOZGOI(I;ZS MAGNETIC RAM CHANGE FLgﬁI'ENG ELECTRON MMOEL;(S:ILEASR
HAMNIS MEMORY MEMORY MEMORIES
Jﬁ 4 éF
T T
-BISTABLE
DEVI -ENGINEERED SwiTcH
PSEuDO- | MAGNETIC TUNNEL
c°F DRAM NOR SPIN- TUNNEL ouM BARRIER SET “MOLECULAR
Tvpe FLASH VALVE JUNCTION -NANOCRYSTA NEMS
S L -SPIN BASED
MOLECULAR
DEVICES
AVAI
LABIL 2002 ~2004 ~2004 ~2004 >2005 >2007 >2010
ITY
INITI
O:L'Z 130 nm | 150 nm | 350 nm | 130 nm 100 nm 80 nm 65 nm 45 nm
E
8F? 10F° 2 2 2
~40F 20-40F 6F 2 2 2
el I 012 | 4.9 um? | 0.68 um? | 0.06 um? A-10F 4-9F ~2F
. m . m . m
Size pm pm 2‘; ZT” 1T“ 0.04pm? | ~0.04 pm? | 0.004 pm?
1T 1T
ACCE
ss <20 ns ~80 ns <25 ns <10 ns <100 ns <10 ns <10ns ~10 ns
TIME
STOR
E <20 ns ~1 ms <25 ns <10 ns <100ns <10 ns <100 ns ~10 ns
TIME
RETE Seconds to
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Table 47 Estimated Parameters for Emerging Research Devices and Technologies

Technology Tmin Tmax CDnin CDmax Energy Cost min | Cost max
sec sec m m J/iop $/gate $/gate

Si CMOS 5E-11 1E-6 8E-9 5E-6 1E-12 1E-2 1E1
RSFQ 1E-12 1E-11 1E-4 1E-3 2E-18 1E-3 2E-3
Molecular 1E-8 1E-3 1E-9 5E-9 5E-15 1E-1 4E-1
Plastic 1E-4 1E-3 1E-4 1E-3 5E-19 1E-7 1E-6
Optical (digital) 1E-16 1E-12 2E-7 1.5E-6 5E-7 4E2 2.5E3
NEMS (optimistic)|  1E-10 1E-8 3E-9 3E-8 <1E-21 1E1 1E2
(Conggxitive) 1E-7 1E-3 1E-8 1E-7 5E-16 1t 1E1
Ne“r°’c‘“°rphi 1E-4 1E-2 5E-6 1E-5 2E-13 1E-3 1E-1

In this table T stands for a single delay, CD stands for critical dimension, Energy is the intrinsic operational

energy and cost is defined as $ per gate.




Emerging Technology Parametrization

\og s Log switching time jn sec

ot

L]
3
@
3
£
At
3
Q
3
-~

p NEL g~
e, EURU&TORPH!C
NEms

Figure 47 Parameterization of Emerging Technologies and CMOS—Speed, Size, Cost,

Power
TFT(Thin Film Transistor) TFT
TFT LED(Light Emitting Diode)
[61]
10V 100um
/ 10°
5V [62] (
) [3]

1.7 kHz &3]

[64,65]



[66]

1.7x10* m/s)
1072 )

kTIn?

[67]

Milliped [681)

( )
( )
(
100nmCMOS
OUM
(NEMS)
(
NEMS 0.1ns
1 1018 ( 1 5x10%?
NEMS
VLSI-NEMS (IBM
500 Ghit/in? 6 Mbit/s



100 10000

—10%t—10%2 [70]
100 10000 [
—1.5 kg
—1.5
—2.5 W
—1el4 bits 7
—1e13 bits/s 'Y

[58] Research Triangle Institute, Center for Digital Systems Engineering, [Dr. Sam Field, Ms. P. J.
Woodard and Mr. Dale Rowe] is gratefully acknowledged for providing technical support in the
preparation of Figure 5.

[59] Estimated on the principle of reasonable cost and assumed two-dimensional architecture of NEMS
computer.

[60] F. Wirthner, “Plastic transistors reach maturity for mass applications in microelectronics”,
Angew. Chem. Int. Ed. 40 (2001) 1037-1039.

[61] C. D. Dimitrakopoulos, S. Purushothaman, J. Kymissis, A. Callegari, J. M. Shaw, “ Low-voltage
organic transistors on plastic comprising high-dielectric constant gate insulators”, Science 283 (1999)
822-824.

[62] M. G. Kane, J. Campi, M. S. Hammond, F. P. Cuomo, B. Greening, C. D. Sheraw, J. A. Nichols, D.
J. Gundlach, J. R. Huang, C. C. Kuo, L. Jia, H. Klauk, T. N. Jackson, “ Analog and digital circuits
using organic thin-film transistors on polyester substrates”, IEEE Electron. Dev. Lett. 21 (2000)
534-536.

[63] J. M. Xu, “Plastic electronics and futurte trends in microelectronics”, Synthetic Metals 115 (2000)
1-3.

[64] S. Forrest, P. Burrows, and M. Thompsan, “The dawn of organic electronics”, |[EEE Spectrum,
Aug. 2000 p. 29-34.

[65] H. J. Caulfield, “ Perspectives in Optical Computing”, Computer, Feb. 1998, p. 22-25.

[66] K. Eric Drexler, Nanosystems: molecular machinery, manufacturing and computation (John Wiley

& Sons, Inc. 1992).



[67] M. Despont, J. Brugger, U. Drechsler, U. During, W. Haberle, M. Lutwyche, H. Rothuizen, R. Stutz,
R. Widmer, G. Binnig, H. Rohrer, P. Vettiger, “VLSI-NEMS chip for parallel AFM data storage”,
Sensors and Actuators 80 (2000) 100-107.

[68] J. E. Dowling, The retina: an approachable part of the brain (The Belknap Press of Harvard
University Press 1987).

[69] R. U. Ayres, Information, Entropy, and Progress (AIP Press 1994).

[70] J. E. Dowling, The retina: an approachable part of the brain (The Belknap Press of Harvard
University Press 1987).

[71] R. U. Ayres, Information, Entropy, and Progress (AIP Press 1994).




