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Table 52

Difficult Challenges—Emerging Research Device Technologies

Difficult Challenges >32 nm

Summary of Issues

Development and implementation into manufacturing of a
non-volatile memory technology, scalable beyond 32 nm,
combining the best performance features of both volatile and
non-volatile memory technologies for both stand-alone and
embedded applications.

Identification of the most promising technical approach(es) to obtain
electrically accessible, high-speed, high-density, low-power,
non-volatile RAM

Development of a manufacturable, cost-effective fabrication technology
integrable with the process flow for CMOS logic providing for
seamless integration onto a CMOS platform

Difficult Challenges <32 nm

Toward the maturation of CMOS scaling or beyond,
discovery, reduction to practice, and implementation into
manufacturing of novel, non-CMOS devices and architectures
integrable (monolithically, mechanically, or functionally) with
a CMOS platform technology.

® 1D to extend charge based devices.

® Articulate the fundamental physical principles needed to
develop new device technologies.

® Find a new information processing technology that
addresses these fundamental principles (see the section
entitled “Fundamental Guiding Principles™).

® Make emerging logic and memory devices compatible.
(A new logic technology may require a new compatible
memory technology.)

® Integrate the materials, device and architectural
communities to interact and collaborate in discovering a

new information processing technology.

No current approaches support the information processing technology
required for “Beyond CMOS” satisfying the need for additional
decades of functional scaling.

Discovery and reduction to practice of new, low-cost methods of
manufacturing novel information processing technologies.

Any new technology for information processing must be compatible
with the new memory technology discussed above; i.e., the logic
technology must also provide the access function in a new memory
technology.

A knowledge gap exists between materials behaviors and device
functions.

Current metrologies examine fixed material states, but do not probe the
state change dynamics.

(Difficult Challenges)
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1 CMOS
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Table 53 Difficult Challenges—Emerging Research Materials Technologies

Difficult Challenges >32 nm

Summary of Issues

1D Charge State

Nanotube and nanowire properties, bandgap energy and carrier type,

and mobility vary greatly at growth and are controlled by variations
in composition, diameter and nanometer scale structure.

Nanotubes and nanowires grow in random locations and orientations,

which is incompatible with high density memory and logic
applications.

IDifficult Challenges <32 nm

Summary of Issues

Molecular State: Molecules with Controllable, Reproducible
Switching Mechanisms

Molecular switching is often highly variable between device lots

fabricated with the same chemicals and materials.

Contact formation and bond structure may require atomic level control.

While groups have been able to fabricate devices that exhibited charge

storage, complex interactions have been observed with contact
materials and redox reactions, but it is often difficult to determine
whether switching and transport are through molecular transport or
other mechanisms.

No metrology tools are available to measure atomic structure details in

carbon-based molecules embedded between two contact layers.

Spin State: Materials that Enable Spin Gain at Room
Temperature and Dissipationless Transport

Ferromagnetic (FM) semiconductors only work at low temperatures <

200 K; need a room temperature FM semiconductor.

New materials are needed that can enable spin amplification (gain).

Strongly Correlated Electron State

Materials with strongly correlated electron states have unique complex

interactions between electric and magnetic properties, with complex
ferromagnetic, anti-ferromagnetic phase transitions that may support
spontaneous spin precipitation. The challenge is to determine
whether these properties can be used to enable new devices at the
nanometer scale.

Nanometer Scale Contact and Interface Formation

Materials and processes for establishing interfaces, such as contacts,

passivation, etc., must produce interfaces that do not detrimentally
affect the state variable or carrier of the state variable, and meet the
functional requirements for the device, such as carrier transport.

At the nanometer scale, interface materials must have good adhesion,
which requires bonding, without detrimentally changing the
properties of the device material.

Assembly of Nano-structured Materials

Nanostructure materials such as carbon nanotubes (CNTSs) or
molecules must be assembled in defined locations with controlled
orientation and reproducible properties. (CNTs grow in random
locations with random orientations. )

Molecules only self-organize on a small number of material surfaces

and require thiol functionalization for assembly on Au and defect
formation is not understood.
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Table54
RAM DRAM 1 -1 TIC
1 - RAM MRAM
1 -1 ITIR "R”
X
IT1 x 1T
’ST” 2
1 1 IDIR
Table 54 Memory Taxonomy
Cell Element Type Non-volatility Retention Time
MRAM Non-volatile > 10 years
Phase Change Memory Non-volatile > 10 years
1T1R or 1D1R [A] Polymer Memory Non-volatile > 10 years
Molecular memory Non-Volatile > years
Insulator Resistance Change Memory Non-Volatile > years
DRAM Volatile ~ seconds
1T1C[A]
FeRAM Non-volatile > 10 years
FB DRAM Volatile < seconds
Flash Memory Non-volatile > 10 years
SONOS Non-volatile > 10 years
1T [A]
Nano Floating Gate Memory Non-volatile > 10 years
Engineered Tunnel Barrier Memory Non-volatile > 10 years
FeFET Memory Non-volatile > years
SRAM Volatile large
Multiple T [A]
STTM [B] Volatile small
Notes for Table 54:
[A] ITIR- 1 - IDIR— | - ITIC- 1 - 1T ]
FB DRAM- DRAM FeFET— FET Multiple T- SONOS—
/ / / /
[B] STTM— 2- —Yi, J. H, W.S. Kim, S. Song, Y. Khang, H.-J. Kim, J. H. Choi, H. H. Lim,

N. I Lee, K. Fujihara, H.-K. Kang, J. T. Moon, and M. Y. Lee. “Scalable Two-transistor Memory (STTM),” IEDM. (2001)
36.1.1-4.
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Table 55 Current Baseline and Prototypical Memory Technologies
Baseline Technologies Prototypical Technologies
Floating Gate
DRAM &
SRAM [B]
SONOS FeRAM MRAM PCM
Embed- [A]
Stand-alone NOR | NAND
ded
Reversibly
Remanent o .
. L. Magnetization changing
Interlocked Charge in polarization
. . Charge on of amorphous
Storage Mechanism Charge on a capacitor state of . gate ona .
. floating gate . . ferroelectric and
logic gates insulator ferroelectric .
. contacts crystalline
capacitor
phases
Cell Elements ITIC 6T 1T 1T ITIC ITIR ITIR
Feature size F | 2005 80 130 90 130 130 100 130 180 90
nm 2018 18 25 18 25 25 20 25 22 18
. Cell | 2005 7.5F 12F* 140 F 10 F 5F 7F* 34F2 25F2 7.2F
Area 2018 SF? 12F* 140 F 10F 5F 5.5F 16F 16F 4.7F
2005 <I5ns Ins 0.4ns 14 ns 70 ns 14ns 80 ns [D] <25ns [G] 60ns [1]
Read Time
2018 <15ns <lns 70 ps 2.5ns 12ns 2.5ns <20 s [E] <0.5ns <60ns
10s/ 1 ms/ 200s/20ms
2005 <I5ns Ins 0.4ns 15ns [F] <251s [G] 50/120 ns [1]
10ms | 0.1ms 1]
WIE time
10s/ 1 ms/
2018 <15ns 0.2 ns <0.1ns ~1001s/10ms 1 ns <0.5 ns [H] Not known
10 ms 0.1 ms
2005 64 ms 64ms [C] >10y >10y >10y >10y >10y >10y
Retention Time
2018 64 ms 64 ms [C] >10y >10y >10y >10y >10y >10y
2005 >3E16 >3E16 >3E16 >1E5 >1E5 1E7 1E13 >1E15 1E12
Write Cycles
2018 >3E16 >3E16 >3E16 >1E5 >1E5 1E9 >1El16 >1E15 1EI5
Write gpera[ing 2005 25 25 12 12 15 5-6 09-33 18[G] 3
voltage (V) 2018 15 15 07 12 15 40-45 07 — 1 <18 3
Read operating 2005 25 25 12 25 25 25 09-33 18[C] 3
voltage (V) 2018 15 15 08 12 12 25 07-1 <18 3
Write energy 2005 1E-16 1E-16 7E-16 8E-15 8E-15 2E-15 2E-14 1E-10 1E-10
(J/bit) 2018 4E-17 4E-17 2E-17 315 | 3EI5 3E-16 4E-15 2E-11 Not known
Spin-polarized
Write has a
Destructive potential to
Comments
read-out lower Write
current density
and energy [K]
Notes for Table 55:
[A] SRAM (
[B] )-
[C] SRAM

[D] Kim, K. and Y. J. Song. “Current and future high density FRAM technology,” Integr. Ferroelectrics. 61 (2004) 3-15.

[E] Nanoelectronics and Information Technology, Ed. Rainer Waser, Wiley-VCH, 2003, 568-569.

[F] Moise, T., et al. IEDM 2002, session 21 (2002).

[G] Andre, T. W., J. J. Nahas, C. K. Subramanian, B. J. Garni, H. S. Lin, A. Omair, and W. L. Martino. “A 4-Mb 0.18-1m
ITIMT]J toggle MRAM with balanced three input sensing scheme and locally mirroed unidirectional write drivers.”

[H] Schumacher, H. W. “Ballistic bit addressing in a magnetic memory cell array,” Appl. Phys. Lett. 87.4 (2005) 42504.

[1] Cho, W. Y., B-H Cho, B-G. Choi, H-R Oh, S. Kang, K-S. Kim, K-H. Kim, D-E. Kim, C-K. Kwak, H-G. Byun, Y. Hwang, S. J.
Ahn, G-H. Koh, G. Jeong. H. Jeong, and K. Kim. “A 0.18-pm 3.0-V 64-Mb nonvolatile phase-transition rndom access memory
(PRAM),” IEEE J. Solid-State Circuits. 40.1 (2005) 291-300.

[J] Seo, M-K., S-H Sim, M-H Oh, H-S Lee, S-W. Kim, I-W. Cho, G-H. Kim, and M-G. Kim. “A 130-nm 0.9-V 66-Mhz 8-Mb
(256 x 32) local SONOS embedded flash EEPROM,” IEEE J. Sol.-State Circ.40.4 (2005) 877-883.

[K] Jiang, Y., T. Nozaki, S. Abe, T. Ochiai, A. Hirohata, N. Tezuka, K. Inomata. “Substantial reduction of critical current for
magnetization switching in an exchange-biased spin valve”’, Nature Materials. 3 (2004) 361-364.
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Table 56 Transition Table for Emerging Memory Devices
IN/OUT (Table 64) Reason for INNOUT Comment
Based on physics of operation, this | Some features of Nano-Ferroelectric
Ferroelectric FET Memory IN memory has potential not realized memory: Nanoscale FE capacitor,
in existing FeRAM non-destructive readout
New materials structure, PM is different from MIM
Polymer Memory IN promising characteristics, several memory: it consist of MIMIM
recent publications structure
It does not fit any of the application Small retention time, slow write,
Single-electron memory ouT
categories high soft error rate (SER)
It became a mature prototypical Not presented in PIDS chapter in
Floating body DRAM ouT
technology 2005 ITRS
It became a mature prototypical
PCM ouT Presented in the 2005 P1DS chapter
technology
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Table 57 Emerging Research Memory Devices—Demonstrated and Projected Parameters
Engi d
Nano-floating Gate Tu:f;?;::ﬁer Ferroelectric FET Insulator Resistance Polymer Molecular
Memory [A] Memory Change Memory Memory Memories
Memory
. Remanent polarization
Ch float Ch
Storage Mechanism arge on foaing érge on on a ferroelectric gate Multiple mechanisms Not known Not known
gate floating gate . .
dielectric
Cell Elements 1T 1T 1T 1TIR or IR 1TIR or IR ITIR or IR
1 M-I-M
N vl FET with FE at 2 Solid Electrolyte
anocrystal tl
Device Types . R . Graded insulator .Wl gate 3 FE tunneling M-I-M (nc)-I-M Bi-stable switch
2 Direct tunneling insulator ;
4 FE Schottky diode
5 FE-I-FE
Minimum
. <65 nm <65 nm <65 nm <65 nm <65 nm <65 nm
required
Feature size F "
Best projected 25 nm 10 nm [H] 22 nm [K] 5-10 nm [O] 5-10 nm 5-10nm [AA]
Demonstrated 90 nm [A] 180 nm [I] ~10 um [L] 100 nm [P] 200 um [W] 30 nm [AB]
Minimum 10F2 102 8F2 10F 10F 102
required
Cell Area Best projected 8—10F* 8F* [H] 8F” 8/5F? [Q] 8/5F* SF
Data not . . Data not .
Demonstrated 16F*[A] a. 1o Data not available Data not available a' no Data not available
available available
Mini
1n1'mum <I5ns <15ns <15ns <I5ns <I5ns <I5ns
required
Read Time N
Best projected 2.5ns 2.5ns 2.5ns <10 ns <10 ns <10 ns [AA]
Demonstrated 20ns [B] 20 ns [B] 20 ns [B] 2ms [R] ~10ns [X] Data not available
Mini Applicati Applicati
1n1-mum 1 ps/10 ms 1 ps/10 ms Application dependent | Application dependent ppucauon ppucauon
required dependent dependent
WIE time Best projected 1 ps/10 ms 1 nsat9V[H] 2.5ns [B] <20 ns [P] Not known <40 ns [AA]
W: 1-10 ps [C]
Demonstrated E:~10ms [I] 500 ns [L] 25 ns [P] <10ns[X] ~sec [AC]
E: 10-100 ms [D]
Minimum >10 >10 >10 >10 >10 >10
required Y Y Y y y Y
Retention Time "
Best projected >10y >10y >ly >10y Not known Not known
Demonstrated >200 hours [E] >10y 1] 30 days [M] 1y[S] 6 month [Y] 2 months [AC]
Minimum >1ES >1ES >1ES >1ES >1ES >1ES
required
Write Cycles -
Best projected >1E5 >3E16 >3E16 >3E16 >3E16 >3E16
Demonstrated >1E4 [A] SE4[J] 1E12 [O] 1ES [T] >1E6 [X] >2E3 [AD]
Minimum Application Application o L Application Application
; Application dependent Application dependent
Write required dependent dependent pphcation dependen pphcation dependen dependent dependent
Operating R
> > < <
Voltage (V) Best projected 3V [F] 3 VI[F] 09V [K] 0.5V [U] Not known 2V[AE]
Demonstrated 16[A] 6.5 1] 16[0] 024 V[P] ~2 [X] ~t1.5 V[AB]
Min. required 25 25 25 25 25 25
Read Operating ™5 rojected 07 07 07 <02V [U] 07 03[AA]
Voltage (V) est projecte ) ) ) L ) !
Demonstrated 2.5[B] 2.5[B] 2.5[B] ~0.2 V[P] ~1[X] 0.5[AB]
. . Application Application . L Application Application
Min. d Application dependent Application dependent
in. require; dependent dependent pplication depen pplication depen dependent dependent
Write Energy -
it Best projected SE-16[G] SE-16 [G] 2E-15[N] 1E-15[V] Not known 2E-14[AA]
Data not . :
Demonstrated 2E-15[G] . Data not available SE-14 [P] 1E-13 [Z] Data not available
available
A natural evolution Potential for
. . Low read voltage
Comments of the floating gate non-destructive
presents a problem
memory readout
Research activity [AE] 123 12 74 39 25 68
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[A] :
Freescale NOR —Muralidhar, R., et al., “A 6V Embedded Silicon Nanocrystal Nonvolatile
Memory for the 90 nm Technology Node, ", IEDM Digest. (2003).

[B] SONOS (Table 55 ). T

[C] —Muralidhar, R., et al. “A 6V Embedded Silicon Nanocrystal Nonvolatile Memory for the 90 nm
Technology Node,” IEDM Digest. (2003).

[D] Fowler-Nordheim —DMuralidhar, R., et al. “A 6V Embedded Silicon Nanocrystal Nonvolatile Memory for the 90 nm
Technology Node,” IEDM Digest. (2003).

[E] >200 h

—DMuralidhar, R., et al. “A 6V Embedded Silicon Nanocrystal Nonvolatile Memory for the 90 nm Technology
Node,” IEDM Digest. (2003).
[F] 15eV
[G] -

6] )

[H] Likharev, K. K., “Riding the crest of a new wave in memory,” IEEE Circ. and Dev. 16.4 (2000) 16-21.
[1] Blomme, P.; B. Govoreanu, M. Rosmeulen, A. Akheyar, L. Haspeslagh, J. DeVos, M. Lorenzini, J. Van Houdt, and K.
DeMeyer. “High-k materials for tunnel barrier engineering in floating-gate flash memories,” 208th Electrochemical Society
Meeting. ECS, 2005. (2005) 16-21.
[J] Blomme, P., B. Govoreanu, M. Rosmeulen, J. Van Houdt, and K. DeMeyer. “Multilayer tunneling barriers for nonvolatile
memory application,” in: 60th Device Research Conference.(2002) 153-154.
[K] Fitsilis, M., Y. Mustafa, and R. Waser. “Scaling the ferroelectric field effect transistor,” Integrated Ferroelectrics. 70
(2005) 29—44.
[L] Sakai, S., and R. Ilangovan, “Metal-Ferroelectric-Insulator-Semiconductor memory FET with long retention and high
endurance,” IEEE Electron Dev. Lett. 25.6 (2004) 369-371.
[M] Takahashi, K., B.-E. Park, K. Aizawa, and H. Ishiwara. “30-day-long Data Retention in Ferroelectric-gate FETs with
HfO?2 Buffer Layers,” SSDM 2004, Tokyo. Paper No. D-1-2 (2004).
[N] (K] FE
[O] 10 kOhms ON .
[P] Kozicki, M. N., M. Mitkova, M. Park, M. Balakrishnan, and C. Gopalan. “Information storage using nanoscale
electrodeposition of metal in solid electrolytes,” Superlat. and Microstr. 34 (2003) 459—4635.
[O] ITIR 8F° IR 5F*
[R] Beck, A., J. G. Bednorz, C. Gerber, C. Rossel, and D. Widmer. “Reproducible Switching Effect in Thin Oxide Films for
Memory Applications,” Appl. Phys. Lett. 77 (2000) 139.
[S] Watanabe, Y., J. G. Bednorz, A. Bietsch, Ch. Gerber, D. Widmer, A. Beck, S. J. Wind, ““‘Current-driven Insulator-conductor
Transition and Non-volatile Memory in Chromium-doped SrTiO3 Single Crystals,” Appl. Phys. Lett. 78 (2001) 3738.
[T] Seo, S., M. J. Lee, D. H. Seo, S. K. Choi, D.-S. Suh, Y. S. Joung, I. K. Yoo, I. S. Byun, I. R. Hwang, S. H. Kim, and B. H.
Park. “Conductivity switching characteristics and reset currents in NiO dilms,” Appl. Phys. Lett. 86 (2005) 093509.
[uj 05V

[V] V=0.2 Volts, Rox=2E5 Ohm , t,=10 ns E~0.5%V/Ron*t,,

[W] Ouyang. J., C. W. Chu, C. R. Szmanda, L. P. Ma, and Y. Yang. “Programmable polymer thin film and non-volatile
memory device”, Nature Materials. 3.12 (2004) 918-922.

[X] Ma, L. P., J. Liu, and Y. Yang. “Organic electrical bistable devices and rewritable memory cells,” Appl. Phys. Lett. 80.16
(2002) 2997-2999.

[Y] Ma, L. P., Q. Xu, and Y. Yang. “Organic non-volatile memory by controlling the dynamic copper-ion concentration within
organic layer”, Appl. Phys. Lett. 84.24 (2004) 4905—4910.

[Z] [AB] o E~0.5%* oy *,, for Voy=2 Volts,
[ON:]()jA B tW:]() ns.

[AA] DeHon, A., S. C. Goldstein, P. J. Kuekes, P. Lincoln. “Nonphotolithographic nanoscale memory density prospects,
IEEE Trans. Nanotechnology. 4.2 (2005) 215-228.

[AB] Wu, W., G-Y. Jung, D. L. Olynick, J. Straznicky, Z. Li, X. Li, D. A. A. Ohlberg, Y. Chen, S-Y. Wang, J. A. Liddle, W. M.
Tong, and R. S. Williams. “One-kilobit cross-bar molecular memory circuits at 30-nm half-pitch fabricated by nanoimprint
lithography,” Appl. Phys. A, 80 (2005) 1173—1178.

[AC] Chen Y., D. A. A. Ohlberg, X. M. Li, D. R. Stewart, R. S. Williams, J. O. Jeppesen, K. A. Nielsen, J. F. Stoddart, D. L.
Olynick, E. Anderson, “Nanoscale Molecular-switch Devices Fabricated by Imprint Lithography,” Appl. Phys. Lett 82 (2003)
1610.

[AD] Wu, W., G-Y. Jung, D. L. Olynick, J. Straznicky, Z. Li, X. Li, D. A. A. Ohlberg, Y. Chen, S-Y. Wang, J. A. Liddle, W. M.
Tong, and R. S. Williams. “One-kilobit cross-bar molecular memory circuits at 30-nm half-pitch fabricated by nanoimprint
lithography,” Appl. Phys. A. 80 (2005) 1173—1178

[AE] 7/1/2003-7/1/2005 Science Citation Index database

i)
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(NFGM) —NFGM SONOS

2 1)
Fowler-Nordheim (F-N) ! 2)
2
35A
Fowler-Nordheim
NFGM
3
10nm Snm oV
6V 4
NFGM
Table55 57
( ) 5 6
(VARIOT)’
-V AlGa, As/GaAs
8
SisN/Si0,/SisN,
NVM ? AlO,  HfO,'* !
VARIOT 2
Si0,  HfO,
AlLO; 10
FET — IT1C RAM FeRAM DRAM
3-D
FET
FET
1T FET FeFET "
- MFIS
MFEMIS FeFET MOSFET
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22nm

14, 15
1)
Ag Cu
2)
MIM

MIM

27

FeFET

<10nm

21, 22

MIM

2

MIM

16, 17

Cr

23, 24, 25, 26

2-amino-4, 5-imidazoledicarbonitrile
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18, 19, 20

(Ba, Sr)TiO; StZrO;
MIM
0.5V
MIM
/ / 3
28,29,30,31,32
2
10*
10 ns



33

6nm

13

v 2

. 34
Simmons-Verderber

(binary operation)

CMOS

M-I-M 33

1
36, 37, 38, 39 2
DRAM®
2
41
CMOS 2019 16nm
CMOS
1D CNT
RTD SET
1

(ferromagnetic logic) (spin gain)

CMOS

CMOS
CMOS
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1 CMOS CMOS

e CMOS

°

. CMOS

°

3
13 7 CMOS
2003
Table Table58 1 RSFQ
2 3 E:QCA
Table59 6
2
Table59 2
Table58 Transition Table for Emerging Logic Devices
INOUT Reason for INNOUT Comment
Proposed ferromagnetic logic
devices offer some new
Ferromagnetic logic IN opportunities such as
nonvolatility and
re-configurability
Current assessment is that RSFQ
L . will address several important
RSFQ out RSFQis in production specific applications that are
beyond the scope of ITRS.
Slow operation, low temperatures
are needed, M:QCA are

E:QCA ouT E:QCA does not fit any of the addressed in ferromagnetic logic,

application categories

molecular QCA are addressed in
molecular logic.
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Table 59 Emerging Research Logic Devices—Demonstrated Projected Parameters
+
Device L. .
FET [B] 1D structures Resonant Tunneling SET Molecular Ferroma.gn etic Spin transistor
Devices logic
CNT FET
NW FET Crossbar latch Movine domai
oving aomain
RTD-FET
Types Si CMOS Nw SET Molec.ular wall Spin transistor
hetero-structures RTT transistor M: 0CA
Crossbar Molecular QCA '
nanostructure
CNN
Supported Architectures Conventional agzngizzgfalr CZZZEZ%;(II CNN Crosglér;r and | Reconf Zgnudre logic Conventional
oc4
Cell Size Projected 100 nm 100 nm [C] 100 nm [C] 40 nm [L] 10 nm [Q] 140 nm [U] 100 nm [C]
(spatial pitch) | Demonstrated | 590 nm ~1.5um [D] 3um [H] ~700 nm [M] ~2um [R] 250 nm [V, W] | 100 pm [X]
Density Projected 1E10 4.5E9 4.5E9 6E10 1E12 5E9 4.5E9
. 2
(device/cm”) | Demonstrated 2.8E8 4E7 1E7 2E8 2E7 1.6E9 1E4
Gitch Soead L Freiected 12 THz 6.3 THz [E] 16 THz [I] 10 THz [M] 1THz[S] 1GHz[U] | 40GHz[Y]
WIIC ee
” Demonstrated 1THz 200 MHz [F] 700 GHz [J] 2THz [N] 100 Hz [R] 30Hz [V, W] Not known
Cirenit Seod L Frected 61 GHz 61 GHz [C] 61 GHz[C] 1GHz[L] 1GHz[Q] 10MHz[U] | Notknown
Ircul e
” Demonstrated 5.6 GHz 220 Hz [G] 10 GHz [Z] 1 MHz [F] 100 Hz [R] 30Hz [V] Not known
Projected 3E-18 3E-18 >3E-18 110~ [L] 5E-17 [T] 1E-17 [V] 3E-18
rojecte - - - _ - ~1E- -
Switching / [>15x10™] O]
e/ D d 1E-16 1E-11[G 1E-13[K 810" [F] 3E-7[R 6E-18 Not k
emonstrate - -11[G] -13[K] [>1,3x10_14] [0l -7[R] -18 [W] ot known
Binary Projected 238 238[C] 238 [C] 10 1000 5E-2 Not known
Throughput,
GBit/ns/eni® | Demonstrated 1.6 1E-8 0.1 2E-4 2E-9 5E-8 Not known
Operational Temperature RT RT 42-300K 20K [L] RT RT RT
i ol 1-v -V . Si, 11-V,
Materials System Si Si, Ge, 111V, ) ) Organic molecules Ferromagnetic complex
o In205, ZnG, Si-Ge Si alloys metals oxides
TiO,, SiC,
Research activity [A] 171 88 65 204 25 102
Table59
[A] 2003 7 2005 7 the Science Citation Index database
[B] Si CMOS MPU «“ 720200 - ” (2005).
[C] MOSFET

[D] Appenzeller, J., Y.-M. Lin, J. Knoch, and P. Avouris. “Band-to-band tunneling in Carbon Nanotube Field-Effect
Transistors,” Phys. Rev. Lett. 93.19 (2003) 196805.

[E] Burke, P. J. “AC performance of nanoelectronics: towards a ballistic THz nanotube transistor,” Solid-State
Electron. 48 (2004) 1981-1986.

[F] Singh, D.V., K. A. Jenkins, and J. Appenzelle. “Direct measurements of frequency response of carbon nanotube

field effect transistors,” Electronics Letters. 41.5 (2005) 280-282.
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1D — 2003 ITRS EDS
1D
1D 4
1 coherent transport quantum-confined
2 3
4 (transport efficiency) subthreshold slope ambipolar
conduction Ton/lorr MOSFET 1D

multiple load gates

1D

coherent interference

density of states 2

43

1D THz

Fermionic nature quantum

confined structures
45

plasma enhanced chemical vapor

deposition, PECVD 90
CNT FET
2 nm
46
CNT 90
CNT FET in situ
P 2
P-FET N-FET Y
Endnotes 48
CNT acoustic
phonon mean free path 300 nm optical phonon mean free path 15
am®
CNT FET 1 pA 5002 AC
200 MHz
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30 CNT FET Ion  lorr
(Resonant tunnel devices)™” > —
RTT FET
RTD-FET RTD I VvV
2 2 RTD
2 RTD 2
3 2
RTD
2 RID »
RTD
RTD
CMOS 100 Ton/Tore Ton/Torr
10
3um
Si SiGe
RTD
RTT ** RTT
XOR »
RTD II-V RTD
Si v
SiGe 3 *Si
(band-to-band tunneling transistor)”’
Si
Si MOS Si resonant tunneling MOS transistors; SRTMOS
* SRTMOS  10° A/em’ ON 10*
Ton/Torr Ton/Torr
spin-polarized resonant tunneling
spintronic devices M6 RTD

dark count rates

photodetectors for detection of single photons 62

RTD

Single-electron transistors; SET — SET®
3 SET (fanout)
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SET FET SET
tunnel junctions
SET
64,65 SET
2 nm SET
T 20K n 10" cm? 1 GHz 6
2 1
1 bit state logic SET
2 1

voltage state logic

SET CMOS

stray charge

SET Boolean logic operations
CMOS SET
SET
SET SET
“ turnstile logic ”
MOSFET SET/FET
7 SET associative recognition 8
Molecular devices —
building blocks
2
3
1
2
3 self-organization processes
4
1 nm
10" em™ 5
CMOS thermodynamic limit
6 elementary
processes twisting vibration
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intramolecular charge transfer processes
> 1 THz
transmission probability RC

1990 single molecular electron devices

molecular functions
69,70,71 72,7374 75,76

mechanical break junction

Rorr/Ron 7
negative differential resistance 78
7 nanofilaments 80
electron transmission
10"  CMOS
CMOS
81,82 V2
CMOS

defect-tolerant
molecular magnets
Ferromagnetic Logic Devices —
Fe Ni Co local ferromagnetic orientation
moving

domain wall; MDW * QCA M:QCA * MDW
topological anisotropy
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MDW
27 Hz
1 GHz giant spin
precession 8
Magnetic quantum cellular automata “ 7
MDW
QCA
M:QCA
Spin logic devices — 2005
“ Spintronic Device ”
Datta-Das FET 5087 2005
MOSFET MOS
half-metallic-ferromagnet; HMF 8
spin-torque transistor magneto resistive element; MRE
hybrid Hall effect; HHE spin gain transistor
MOSFET
MOSFET heterojunction MOSFET
1 magnetocurrent ratio
2 3
4
5 MOSFET

13 2389

CMOS

[13 9790

91

ferromagnetic ordering

magnetic bipolar transistor
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spontaneous phase transformation

Strongly correlated electron material systems
phase relationships

2 4 magneto resistive junctions
2
2
2 3
4
HHE | MRE
HHE
1 0 2
I the Hall Effect

the Hall resistance

CMOS

(Emerging Research Materials)
(Emerging Research Devices ERDs)
potential materials solutions

ERDs
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ERDs

CMOS

ERD

Table60
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Table 60 Critical Emerging Research Materials’ Properties
Computational State Mechanisms To Mechanism To Read Critical Material Properties Critical Interface Properties
Variable Change Computational State
Computational State
Charge State Charge transport via Voltage charge and Density of states as manifest in Eg, Interface energy barrier height as
tunneling discharge of a mefr, and m (E,n,p,stress), and manifest by electron affinity, fixed
Ohmic conduction, node v(sat) [A] or trapped charge, stress, interface
diffusion Dielectric constant (k) scattering, etc.
Hot electron injection
Spin State Voltage / electric field | Output voltage Spin orbit coupling (as manifest in Interface band structure matching
[Spin injection and Magnetic field Polarized optical spin lifetimes, and diffusion [energy and symmetry] (as manifest
transport in Spin injection from a emission lengths) in spin injection efficiency)
semiconductor] ferromagnetic Polarized optical g-Factor [B] No band-bending
material transmission Ferromagnetic contact source:
Optical pumping coercivity
(polarized photons)
Spin State Temperature Spin exchange interaction ~and Interfacial spin orbit coupling as
[Ferromagnetic Modulation of hole exchange splitting energy manifest in (interface magnetic
Semiconductor] concentration T Curie anisotropy)
Moment per atom Minimal band bending
Strongly Correlated Electric field Magnetic Force T Curie, minimum “domain” size Surface and interface stability and stress
Electron State coulomb moderated microscopy H&P coupling coefficient [E] Domain wall stability
exchange (MFM) E&M coupling coefficients [F]
interactions CMR [C] Compositional and oxygen control
temperature Polarized photon
magnetic field Electrical
photon, phonon SEMPA [D]
Neutron scattering
Molecular Chemical redox Charge transport Conformational conductance change Atomic energy levels in resonance with
Conformation State reactions Change in tunnel distance the molecular energy states (the
Electromagnetic Delocalization-Localization of states contact atom must be considered as
radiation part of the molecule)

Charge injection
Electric fields
Mechanical stimulus

Work function
Contact material DOS [G]

Parameter Defining Notes for Table 60:

[A]  Egis the bandgap of the material, my is the effective mass of the carriers in an electric field, the carvier transpoert
mass, m, is a function of the electric field (E), the electron (n) and hole (p) concentrations and stress, and the carrier saturation

velocity [v(sat)].

[B]  The Lande’ g-factor quantifies the efficiency of the spin anuglar momentum in producing a magnetic moment.

[C]  CMR is Colossal Magnetoresistance, present when application of a sufficiently high magnetic field to the material
results in a large change in electrical resistance of the material.
[D]  SEMPA is scanning electron microscopy with polarization analysis of the secondary electrons.

[E] A magnetic field (H) induces a change of material polarization (P) and the coefficient indicates the magnitude of the
polarization change with the magnetic field.
[F] An electric field (E) induces a change of material magnetization (M) and this coefficient indicates the magnitude of the
magnetization change with the electric field.
[G] DOS is the density of electronic states for the contact material in this case.
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1D Charge State Materials

(1D charge state materials) (key challenges) 1)
2)
3) (adhesion)

Growth with controlled properties and location

(chemical vapor deposition; CVD)
supercritical fluid transport

(metrology)
(density of states; DOS) (Eg)
CMOS
(critical) 1)
2)
(Growth with controlled properties)
(CNTs) (Fe, Ni,
Co mixtures) CVD
n p
CVD 61 90 »
(as grown)
(kinetics)
(as grown) p np
NO2 NH3
9
Tiriflouro-acetic acid (TFA)
97
98
p n
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(gas chemistry)

(passivate)

<111>

100

(critical issues)

Si-SiGe

CVD B As

Nanostructure-directed growth

Directed growth in predefined locations
100%

3) (
100%
(patterning)

Nanotube directed growth —

registeration

Nanowire directed growth —
102

(integrated)

2)

2) ppt part per trillion

4) nm 100%

DNA

MBE
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CNT

CNT

CNT
CNT

CNT

Molecular State Materials

106

108

CNT
CNT

27

CNT Ta

high-k

CNT

CNT
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1 109
110
100
111
112
ST™M
CAFM
114
115
1
2

116

117

118,119
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2nm 1
SMV/cm
120
FTIR]Z] STM122,123 124,125
Spin State Materials
1
2
1 2
200K
Fe Co
EuO CdCr,Ses; GaMnAs InMnAs GeMn 200K
ZnO Si
TiO,
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Fe

GaMnAs InMnAs GeMn
200K

GaN  ZnO SQUID
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Shubnikov Groups

Multiferroic MF ferroic ferroelectric
ferroelastic ERD

CMR

multiferroic

multiferroic CMR
Jahn-Teller distortion
half-filled metal state

RBaMn,0O¢ R Sm Eu Gd Tb Dy Ho Y
/
multiferroic
frustrated metastable state
EM
100THz

ferromagnetic ferrotoroidic

Tc
Multiferroic
Half-doped
Ba Sr Ca
multiferroic
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multiferroic
EM
complex multi-metal oxides
MBE
AF/FM
multiferroic
AF/FM
AF/FM
Ge Si GaAs
off axis
substrate
Multiferroic

AF/FM
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370K
multoferroic 130K
MF tunneling magneto resistance
340K 200K

Material Synthesis

ITRS

directed and
self-assembly

ITRS FEP

CMOS
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CMOS

DNA
Characterization
ITRS Metrology
3
100nm
10 3
TEM
AFM ST™M
TEM
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SAM 2
ERM
ESR NMR
10nm
SKPM 10nm
AFM
nano-internal photoemission
ab initio
TEM AFM AFM MFM
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10nm 10,000 ab-initio
1,000,000 DFT
1000
1 1D Charge State Challenge
NT NW CVD
2
10 10,000
Table61
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regularity of layout

unreliable device performance

device transfer function interconnect limitation thermal power generation
in-service
defects transient error
148 2
1
2
biological
system
defect tolerance transient fault
single event upsets, SEU transient error
radioactive decay products cosmic ray
Reconfigurable computing, RCF
R R-fold modular redundancy, RMR '¥ NAND NAND multiplexing,
NAND-M ' error-correction coding '

static redundancy

10" fem?
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4
Quantum Cellular Automata, QCA
Cellura Neural Network, CNN CNN
2
QCA
3 programmable gate logic array, PGLA
PGLA
QCA
152, 153, 154, 155
156, 157 158 QCA
QCA 1
2
QCA
QCA QCA
3 QCA
antum 1abatic Evolution
Q Adiabatic Evoluti K
QCA
~IGHz  ~100kHz QCA
CNN

CNN 2

1 2

VLSI

CNN MUX

CNN
CNN

QCA SET" RTD CNN
160
161
CNN
CNN
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RCF
PGLA 1995-1998 CMOS
Teramac'® PGLA
PGLA

1010
CMOS
163

10-30W
1 IO—ISJ 164
1
10° 10 1 10*
10" 10 1
1,000 10,000 165 1 1 10
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166

167

qubit

168

Table 62 )
PGLA Table 62
23

CMOS
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41

PC
1 1 171, 172 1
175
176, 177, 178
Table 61 Emerging Research Architecture Implementations
Architecture Quantum Cellular Cellular Nonlinear Reconfigurable Biologically Inspired
Implementations Automata Networks Implementations Implementations
Complex signal Fast image Reliable computing with | Goal-driven computing using
processing processing unreliable devices simple and recursive algorithms
Application Domain Associative Historical example: High cor.nputau‘ongl efficiency
memory Teramac FPGA for certain applications
Complex signal implementation
processing
Device And Arrays of nanodots Resonant tunneling | Molecular switches Molecular organic and
evice An or molecular devices, SETs Crossed arrays of 1D bio-molecular devices and
Interconnect : .
; assemblies structures interconnects
Implementations . .
Switchable interconnects
Fan-out =1 Fan-out close to Fan-out variable but Massive parallelism
. throughput unity pc?rformance degraded Requires some long-range data
Information constrained by slightly by need for transfer
Throughput adiabatic clocking defect management Fan-out very high in brains
i schemes
requirements ° (-1 04)
Power comparable Power comparable Only preliminary High parallelism allows lower
to scaled CMOS to scaled CMOS estimates, but these are operational speeds
P (~0.2 MIPS/mW) (~0.2 MIPS/mW) encouraging Power consumption of human
ower
Data streaming Data streaming brain 10-30 W at millisecond
applics will need applics will need rates
~100 MOPS/mW ~100 MOPS/mW
No local Local interconnects | Interconnects by crossed | Interconnects distributed over a
interconnects, but with neuron-like arrays range of distances
Interconnects .
many control lines waveforms
are needed
Sensitive to Not determined Multiple modular Highly dynamical neural-like
background charge redundancy and systems
Error Tolerance . . .
Low temperature multl.plexmg for Implement adaptive
operation transient errors self-organization, fault tolerance
Defect Tolerance Not demonstrated Not determined Reconfiguration (RCF) Inherently msgnsmve tf’ defects
through adaptive algorithms
Precise dimensional | Tight toleranceson | Self assembly possible Not demonstrated
Manufacturability control needed Funnefl rates of all
junctions to
minimize jitter
Only limited Locally active and Supports memory-based | Backed by extensive neural
programming locally connected computing network research
Comments models Celll 3nfi array Applications in Algorithmic implementations
design immature dependable systems need more research
(no fan-out)
Maturity Demonstration Demonstration Demonstration Concept
Not demonstrated Demonstrated only Self-test or requires Test functions are included in
Test for image extensive pre-computing | the adaptive algorithms used
processing test
QCA -89 CNN-215 Reconfigurable — 3228 Bio-inspired or
Research papers (QCA and (CNNand (Reconfigurable and neuromorphic — 158
(2003-2005) nano — 39) nano — 11) nano — 53) (Bio-inspired or neuromorphic

and nano — 20)
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Table 62 Circuit and/or Architecture Implementations—Theory and Experiment
. Theory .
Structure type Device type . Size Defect Tolerant Comments References
[Experiment
Crossed CNTs, .
. . Single
. using van der Experiment . Only one refereed 179
Crossbar non-volatile memory experimental NA L Rueckes
Waals forces to and theory . publication
devices
latch
Earl ire logi
Logic gates Crossed CNTs Experiment 4 devices NA any nanO\.mre o8I Bachtgold180
demonstration
C d Si Earl ire logi
Logic gates rosse. ' Experiment 3 devices NA any nanoere o8I Huang181
nanowires demonstration
Crossbar hybrid A d “NanoFabric,” .
rossbarfybn Resistors + RTDs | Theory ~100 K devices SSume . anora nc” Goldsteln182
molecular-CMOS blocks reconfiguration “NanoBlock’
183
Rot: Bistable tunnel L
Crossbar memory olaxane Experiment 8x8 bit ~10% . s a- ¢ ¢ uo 184
molecules junctions Chen
Single devices
Randoml; Theory +
0 a:rl: e}:i E e(c:nr'yment (experiment); > 30% for 185
Vi X]
Logic blocks with CMOS /O PP .p 1-bit adder, successful NAND “Nanocell” Tour
molecular NDR (single .
. . NAND gate gate operation
resistors devices)
(theory)
C d Si
Crossbar address decoder rosse. ! Experiment 4x4 wire NA ~250 nm wire spacing Zhong186
nanowire FET
~10x10 wires at Wires down to 16
Crossbar nanowire arrays NA Experiment ywres 2 NA .1res ownfo fonm Melosh187
20 nm pitch pitch
. Overlapping nano and
N h b: 3744
CUromOIptue crossbar SET latches Theory rieurons ~40% micro crossbars: Turel188
structures modeled
“CrossNet”
n-type, p-type 4-bit Estimated area ~1% of .. 189
Crossbar /PGLA Th ~10% Snid.
rosshar molecular FET oy micro-processor ’ current PGLAs. et
ALU; pipeli
Error-correcting logic blocks Not specified Theory > PIpetinie ~3% “NanoBox” KleinOs190
control stage
Flexible architecture for digital, . . Would need 3D .
exible a.rc ! ec, re for gt Not specified Theory 12 devices ~4% ownee Belu191
analog, mixed-signal structures
2., b .
. . ¢ g eross bars e.g., 4x4 bit . . " . 192
PGLA-like logic arrays with  molecular Theory multiolier 20% dead devices ‘NanoPLA Naeimi
devices P
. Uses Langmuir-
Metal to S
Nanowire FET arrays ca _O ! Experiment ~3000 transistors | ~80% yield Blodgett to align Jin193
nanowire .
nanowires
~5% junction defect | Estimated 0.6 W
Crossbar memory arrays e.g., NW FETs Theory ~Gbit memory oJunchon defee ¥ .1ma © pet DeHon194
rate Tbit/s read rate
Metal-molecule- Logic st X
Crossbar latch ca .mo etc ¢ Experiment Single device NA ogie s.orag.e . Kueckes195
metal junction restoration /inversion
Hybrid molejcular— CMOS digital SET latch Theory 64-bit full adder 0% Developed from Strukovl%
crossbar logic modeled NetCell
4 dual-gated AND, NAND gat .
SET logic circuits SET Experiment vareae NA gates Nakajlma197
SETs operate at 1.9 K
Resist diod U -exhausti
Crossbar circuits esistoror diode Theory 4-bit microproc. ~3% Se,s rion-extiaustive Snider198
molecules etc. coding
Refer to the Endnotes section for references.
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CMOS

CMOS
CMOS

Table63
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Table 63 Estimated Parameters for Emerging Research Devices and Technologies in the year 2016
Tmin Tmax CDmin CDmax Energy Cost min Cost max
Technology
sec sec m m Jlop $/gate $/gate
Si CMOS 3E-11° 1E-6 8E-9 5E-6 4E-18 1E-11 3E-3
RSFQ 1E-12 5E-11 3E-7 1E-6 2E-18 1E-3 1E-2
Molecular 1E-8 1E-3 1E-9 5E-9 1E-20 1E-12 1E-10
Plastic 1E-4 1E-3 1E-4 1E-3 4E-18 1E-7 1E-6
Optical (digital, all 1E-16 1E-12 2E-7 2E-6 1E-12 1E-3 1E-2
optical)
NEMS (conservative) 1E-7 1E-3 1E-8 1E-7 1E-21 1E-8° 1E-5
Biologically Inspired 1E-13 1E-4 6E-6 5E-5 unknown 5E-4 3E-1
Quantum 1E-16 1E-15 1E-8 1E-7 1E-21 1E3 1E5
T CD  critical dimension
Energy Cost
Plastic Transistors
Thin Film Transistors; TFT TFT
TFT Organic Light Emitting Diodes; OLED
m
199 10V 100 p
/
1.7 kHz 201
202,203
Optical Computing ***
[ J
[ J
[ J
? CMOS Tmin 22 nm < 9nm
Cvi
NEMS 2
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[ )
o
100nm CMOS
Phase Change Memory; PCM
Nano-Electro-Mechanical Systems; NEMS —
1.7x10* m/s NEMS
10%J 1 10'
5%10"
kTIn2 NEMS
SNEMS
VLSI-NEMS 206
6 Mbit/sec Table63 NEMS

Rapid Single Flux Quantum; RSFQ *" — RSFQ
Fluxon

Josephson Junction; JJ

RSFQ 100 GHz 800 GHz

Biologically Inspired —

Table63 Tmin 1 1x10%
208

100 10,000

209

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005

0.1 ns

500 Gbit/in®

RSFQ
RSFQ
HO" " 1 "
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) 2E10

) 100 10,000

° 1.3 kg™

° 1600 cm’

) 15-30 W

° 1E12 bit

® 1E13 bit/second

Table63

CMOS
CMOS
computational state variable
Table64,65 CMOS
CMOS
CMOS
CMOS MOSFET
CMOS
CMOS CMOS
ON/FF — ON/OFF OFF
ON ON/OFF
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CMOS

16nm

CMOS

2020

cross-point memories

SET

CMOS

CMOS

100W/cm®
CMOS MOSFET
100W/cm®
MOSFET
1D
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CMOS

2005 ITRS CMOS
16nm MPU/ASIC

211

1/5

1D

5-10



13 2 1 930
CMOS
CMOS
CMOS
22nm CMOS
1 3 3 22nm

Table65

Turing

CMOS

1
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CMOS
Table64
ERD
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Logic—Individual Performance Potential for Logic Related to each Technology Evaluation Criterion

Substantially exceeds CMOS

* or is compatible with CMOS architecture

3 **  or is monolithically integrable with CMOS wafer technology
***or is compatible with CMOS operating temperature
(i.e., Substantially Better than Silicon Logic)

Comparable to CMOS
* or can be integrated with CMOS architecture with some difficulty

2 **  oris functionally integrable (easily) with CMOS wafer technology
***or requires a modest cooling technology, T > 77K
(i.e., Comparable to Silicon Logic)

Substantially (2x) inferior to CMOS
* or can not be integrated with CMOS architecture

1 **  oris not integrable with CMOS wafer technology
***or requires very aggressive cooling technology, T <77K

(i.e., Substantially Worse that Silicon Logic)

Memory—Individual Performance Potential for Memory Related to each Technology Evaluation Criterion

Substantially exceeds the appropriate Baseline Memory Technology
* or is compatible with CMOS wafer technology

3 **  oris monolithically integrable with CMOS wafer technology
***or is compatible with CMOS operating temperature

(i.e., Substantially Better than Silicon Baseline Memory Technology)

Comparable to the appropriate Baseline Memory Technology

* or can be integrated with CMOS architecture with some difficulty
2 **  oris functionally integrable (easily) with CMOS wafer technology
***or requires a modest cooling technology, T > 77K
(i.e., Comparable to Silicon Baseline Memory Technology)

Substantially (2x) inferior to the appropriate Baseline Memory Technology
* or can not be integrated with CMOS architecture

1 **  oris not integrable with CMOS wafer technology

***or requires very aggressive cooling technology, T <77K

(i.e., Substantially Worse than Silicon Baseline Memory Technology)

Overall Performance Assessment (OPA) = Performance Potential Summed over the
eight Evaluation Criteria for each Technology Entry)

Maximum Overall Performance Assessment (OPA) = 24

Minimum Overall Performance Assessment (OPA) = 8

Overall Performance Assessment for Technology Entries

Potential for the Technology Entry is projected to be significantly better than silicon CMOS or
baseline memory (compared using the Technology Evaluation Criteria) Potential

(OPA >20)

Potential for the Technology Entry is projected to be slightly better than silicon CMOS or
baseline memory (compared using the Technology Evaluation Criteria)
(OPA4 =>18-20)

Potential for the Technology Entry is projected to be slightly less than silicon CMOS or
baseline memory (compared using the Technology Evaluation Criteria) Potential
(OPA=>16—-18)

Potential for the Technology Entry is projected to be significantly less than silicon CMOS or
baseline memory (compared using the Technology Evaluation Criteria) Potential

(OPA < 16)
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Table65 Table66
Figure53a Figure53f Figure54a Figure54f
FET 1
Table 64 Performance Evaluation for
Emerging Research Memory Device Technologies (Potential)
. "M "M
Memory Device Energy OFF/ON Operational | Operate . ; IOS, o i't Oti /
) echnologica rchitectura
Technologies Scalability [A] Performance [B] Efficiency “177°0” Reliability Temp C t'lf'l iy e bty
ompatibili ompatibili
(Potential) [ Ratio [D1] [E] Rl s
Nano Floating 25 25 25 25 22 27 27 30
Gate Memory
Engineered Tunnel 22 23 23 23 24 28 28 30
Barrier Memory
Ferroelectric FET
Memory
Insulator
Resistance Change
Memory
Polymer Memory 21 15 23 22 16 29 23 25
Molecular Memory 23 15 24 1.6 ‘ 14 2.6 19 23
Table 65 Performance Evaluation for
Emerging Research Logic Device Technologies (Potential)
. . R "M "M
Logic Device Energy Operational Toom T }? IOS, / y i't Oti /
) e, echnologica rchitectura
Technologies Scalability [A] | Performance [B] Efficiency Gain [D2] Reliability p .g. i .
) Operation Compatibility Compatibility
(Potential) q [E] [F] #*x [G]** [H]*
1D Structures
(CNTs & NWs)
Resonant
Tunneling 0 0
Devices
SETs 9 6 4 9
Molecular o 5
Devices

Ferromagnetic
Devices

Spin Transistor
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Table64 Table65
[A] Scalability —

[B] Performance —

[C] Energy efficiency —

[D1] OFF/ON or “1”/0” ratio (Memory) (ON/OFF

OFF ON
[D2] Gain (Logic) ( ( ) —
CMOS
[E] Operational reliability ( ) —

[F] Room temperature operation —
[G] CMOS technological compatibility CMOS

[H] CMOS achitectural compatibility CMOS
CMOS
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Scalability
3
CMOS Architectural Compatibility* ] Performance
2
CMOS Compatibility** 1 Energy Efficiency
Room Temp. Operation*** ] ON/OFF*1” / "0" Ratio

Operational Reliability

Figure 53a Technology Performance Evaluation for Nano Floating Gate Memory

Scalability
3
CMOS Architectural Compatibility* Perform-ance
2
CMOS Compatibility** 1 Energy Efficiency
Room Temp. Operation*** i ON/OFF*1" / "0” Ratio

Operational Reliability

Figure 53b Technology Performance Evaluation for Engineered Tunnel Barrier Memory
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Scalability
3

CMOS Architectural Compatibility* Performance

CMOS Compatibility** Energy Efficiency

Room Temp. Operation*** ON/OFF*1” / "0" Ratio

Operational Reliability

Figure 53¢ Technology Performance Evaluation for Ferroelectric FET Memory

Scalability
3

CMOS Architectural Compatibility* Perform-ance

CMOS Compatibility** Energy Efficiency

Room Temp. Operation** ON/OFF*1” / "0” Ratio

Operational Reliability

Figure 53d Technology Performance Evaluation for Insulator Resistance Change Memory
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Scalability
3

Performance

CMOS Compatibility**

Room Temp. Operation***

Energy Efficiency

ON/OFF*1" / "0" Ratio

Operational Reliability

Figure 53e Technology Performance Evaluation for Polymer Memory

CMOS Architectural Compatibility*

Scalability
3

Perform-ance

CMOS Compatibility**

Room Temp. Operation**

Energy Efficiency

ON/OFF*1" / "0" Ratio

Operational Reliability

Figure 53f  Technology Performance Evaluation for Molecular Memory
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CMOS Architectural Compatibility*

Scalability
3

Performance

CMOS Compatibility**

Room Temp. Operation***

Energy Efficiency

Operational Reliability

Figure 54a Technology Performance Evaluation for 1D Logic Structures (CNTs and NWs)

CMOS Architectural Compatibility*

Scalability
3

Perform-ance

CMOS Compatibility**

Room Temp. Operation**

Energy Efficiency

Operational Reliability

Figure 54b Technology Performance Evaluation for Resonant Tunneling Logic Devices
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Scalability
3

CMOS Architectural Compatibility* Performance

CMOS Compatibility** Energy Efficiency

Room Temp. Operation***

Operational Reliability

Figure 54c Technology Performance Evaluation for Single-Electron Logic Transistors

Scalability
3

CMOS Architectural Compatibility* Perform-ance

CMOS Compatibility**

Energy Efficiency

Room Temp. Operation***

Operational Reliability

Figure 54d Technology Performance Evaluation for Molecular Logic Devices
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Scalability
3

CMOS Architectural Compatibility* Performance

CMOS Compatibility** Energy Efficiency

Room Temp. Operation***

Operational Reliability

Figure 54e Technology Performance Evaluation for Ferromagnetic Logic Devices

Scalability
3

CMOS Architectural Compatibility* Perform-ance

CMOS Compatibility**

Energy Efficiency

Room Temp. Operation***

Operational Reliability

Figure 54f  Technology Performance Evaluation for Spin Logic Devices
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— CMOS

CMOS

CMOS
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CMOS

10k, T ky, Boltzmann T

Forster

(constructive energy transport)
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