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OUTLINE

. Microelectronics: Present status and challenges

- CMOS: the technology which has changed the world

- scaling and Moore’s Law

- the Red Brick Wall: “challenges” and challenges

. Nanoelectronics: Physics and technology

- carbon nanotubes, graphene, spintronics, and other fashions
- physics options: ballistics, tunneling, quantum-mechanical interference
- the patterning challenge, the bottom-up approach

. Hybrid CMOS/nanoelectronic circuits

- memory effects

- the hybrid circuits: history and evolution

- CMOL, FPNI, 3D CMOL and all that alphabet soup

. Possible applications

- terabit-scale memories

- reconfigurable logic circuits

- the CMOL roadmap

- mixed-signal neuromorphic networks

. Challenges

- molecular options: single-electronics vs. atomic reconfiguration
- advanced patterning methods

- summary and conclusions )
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LONG WAVES: TECHNOLOGY-BASED PARADIGMS

f Digitization of
e SR Information and
: Communicationin
INNOVATION economy and society
Riotechnafogy
DESCRIPTION Motorization .
ofesonomy.  f CER T
A0 SRNEDOT Technologies
Electrification
of industry, ‘
transport and ‘““:“‘:;"‘"‘I"'
home lan,‘. ESC
CNEInes,
aircraft
Mechanization .
of industry+ S e T
transport steam- RS
powered engineering,
Mechanization synthetics KEY 'CARRIER®
ofndustry Steam-engines, SECTORS
water-powered railway,
machine tools
Cotton-spinning, iron
products, water
wheels 5
1770's 1840's 1890's 1940’s 1990’s TIME

Source: Martin R. Hilbert; based on Freeman and Louga (2001)
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CMOS MEMORY AND PROCESSORS
KMOIN namaTtb u npoueccopbl

Samsung SD card with
NAND flash memory chip
(Feb. 2009: 64 Gb on a
die at 43 nm fab)

Intel Core 2 Extreme microprocessors (2008):
45 nm fab, ~3x108 transistors, 4MB L2 cache,
power consumption ~75 W)
Onaw-namate NAND otnnyaetca manbimu
pasmMepamMn 3anoMmHaoWEN SHENKN U,
COOTBETCTBEHHO, MMHMMAanNbHON LEHOW eAUHULLbI
MHGOOPMAaLINK; LLMPOKO UCMONb3yeTCcH B
3arnomMuHarLWmx YCTPONCTBaX Takux
NoTpebuTENbCKUX TOBapax, Kak Lndposbie
kamepbl 1 nneepbl MP3. 3ta apxutektypa Takxe Figg{e: Intel
LLIMPOKO NPUMEHSIETCA AN XPaHEeHUS JaHHbIX B
Kamepax u coToBbIX TerniedoHax.




SILICON MOSFET: THE CONCEPT
KoHuenuus nonesoro MOI'1T TpaH3ucTopa
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CoBpemeHHble nosniesble MOI TpaH3ncTopbl

Gate electrode

Spacer ]

Upper interfacial
region

High-k Gate
dielectric stack=—"

Bulk high-k o
ki

E—
4 A\

Source

Si Substrate
(or SOI with Si
thickness =1/3 Lg)

S0 nm
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FET notation:
n-channel p-channel

D S
G G
S D

Vdd

— "~ Inverter
A— +—Q

Vss

p-substrate

CMOS LOGIC

~

Vdd

1

~

vdd

Vss

Qout

NAND gate

CMOS cross-section

© I METAL1

" | poLy

. CONTACT

D N DIFFUSION
[ | P DIFFUSION

N-WELL




CO3Y SRAM

T [} | Tt
G \ 4 \ 4 Q
- L
BL M, M BL

Operation idea:

c
l/]/ V. (0] l/j/ VO

5-6 transistors, access time below 1 ns, CMOS-scalable, A~ 100 F?
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O0O3Y DRAM

Row Eom R
Word Line (WL) RS

Access
Transistor

Storage ——
Capacitor

Memory Cell

Cplumn _ From 16 Mb up, non-planar; stuck at 512 Mb;
Bit or Data Line (BL) stopped to be the IC technology driver, but
still no good replacement

1 transistor, access in 10s ns, needs refresh, NOT scalable (C ~ 25 fF)
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NAND FLASH MEMORY: CELL

Interpol
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3akoH Mypa ons MHTErpUpPOBaHHbIX CXEM

CNOXXHOCTb UHTErPUPOBAHHbIX CXEM

Transistors
Per Die

1012 4
& 1965 Actual Data 1c 26 e

10°4 m MOS Arrays 4 MOS Logic 1975 Actual Data 256M 312M A

1084 1975 Projection S 128M Itar_liu n;n.
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107 -
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1054

1044
103
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T
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T'Qure: Intel




3akoH Mypa ans MMHMManbHOro pa3mepa

I‘ > 1 = : = : . [DRAM]
=3 5 ; +— Company A
X T —— —11%/year Company B
2 >¢<‘F : | 5 Company C
S & - 3-year B : ; — ... 2001 ITRS
g 3 | Node-Cycle \’\'éz : 5

L : 7  —15%/year
oo : 2-year \ ! :
o .1 : Node-Cycle |
E : : \\Q 1%/year =
O >z_
7 oo [
> ycle
—~ :
o
S
L 0.01
E S & Rl &P o N ‘L&Q

< > S oS S S
(Source: STRJ, ITRS PIDS ITWG Survey, ca. 2Q03)
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TpaH31CTOPOB Ha YuM

3akoH Mypa ans nNOTHOCTU 3NIEMEHTOB
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dunanyeckne ocHoBbl 3akoHa Mypa Ha npumepe MOSFET

Scaled Device

Voltage, V/ « = ¢{ WIRING

l"

t..Jou ol
| GATE

Wia

Tar ! " drai '
(e source/y e A drain y -
Ry — —

-

i 'x"-._
’**Uu—*‘ de ik

p substrate, doping o*N,

e

SCALING:
Voltage:
Oxide:
Wire width:
Gate width:
Diffusion:
Substrate:

RESULTS:
Higher Density: ~a’
Higher Speed: ~Q
Lower Power/ckt: ~1/o®
Power Density: ~Constant

Figure: R. Isaac (2001)
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OKOHOMUYEeCKMe OCHOBbI 3akoHa Mypa

New fab: ~ a few $B, currently ~30 are being built.

The semiconductor industry can progress only by
rolling over a large fraction of its revenue into the
development of the next generation of chips.

Yunsi: Pacxogbl Ha HUP m goxoabl
(MnH. ponnapos)

1.E+06

MpupocT 6.5%/roa

1.E+05

CToMMOCTb MUKpONpoOLeCCopoB

NAND Flash 2009: e
~10-1" $/transistor (!!) 1E+03

/ The mowney cycle \ 1.E+02

1.E+01

c smalle 1.E+00
g 8 8§ 8
profit  cheape _

Mpupoct 12.2%/rog,

1957
1960
1963
1966
1969
1972
1975
1978
1981
1984
1987
2002
2005
2008
2011
2014
2017
2020

U Figure: D. Hutcheson, VLSI Research
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DETOUR A: NOT EVERYTHING IS MOORE’S LAW

1 THz — Rapid Single-Flux-Quantum (RSFQ) logic
RSFQ
(??)
100 GHz | LTS RSFQ 20 MJJ \

10M JJ

10 GHz

14 LOR Sigral Patks
b

o0 o
9500
D8 e 16t e s
e e

g

@290

DC Pawer

1 GHz

1995 1998 2001 2004 2007 2010 770 GHz, 1.5 uW Hp
Year frequency divider (~80,000 JJ)
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NAND Flash process DR (hm’

dnew-namaThb: B3PblBHOE pa3BNTNE

NAND Flash Accelerates Moore's Law

——IntelMicron
—=—Samsung

—— Toshika/Sandisk
—a—Hynix/ST
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MAGNETIC RECORDING

Cover Mounting Holes
(Cover not shown)

Base Casting
Spindle

Slider (and Head)

7,200 rpm: ~10m/s @ h ~10 nm
(for jet plane at h ~ 300 nm)

Actuator Arm

Actuator Axis ‘
| Case

Mounting

Actuator Holes

Platters

GMR Read Inductive
Ribbon Cable Sensor Write Element

(attaches heads

SCSI Interface to Logic Board)

Connector
Jumper Pins

Power Tape Seal

Connector

Jumper

Recording Medium

Soft Magnetic Underlayer Courtesy: U. Mastromatteo, STMicroelectronics

) Media



MAGNETIC RECORDING: AREAL DENSITY AS OF 2001
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Far insufficient! - KKL
Magnetic Stability
« \Magnetic Energy ~ Thermal Energy

Superparamagnetic limit 1/7 = fo e
Criterion:100 s at room temperature
Material Co Fe
Anisotropy Crystalline | Crystalline Shape Anisotropy
Shape Sphere Sphere Disc
(diameter d) | (diameter d) (diameter d, thickness f)
dit=4 ant=10 =100
Anisotropy
constant K 45 4.8 100 140 180
(10°erg/om®)
Volume V 2.3 21 10 0.74 915 5
(10" cm?)
Size d (A) /6 160 80 100 191

« Domain Size ~ Physical Size
* Proximity Effect

21
Courtesy: I. Schuller, UCSD



Areal Density [Ghits/sg.n]

1,000,000

100,000

10,000
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100 —
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HDD Lab Demos o =
. . @
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1 ® m r @
o® HDD products
°o®
0.1 ]
e ©*
°
0.01 . . 1 1 1 1 1 L 1 1
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NONVOLATILE MEMORY/STORAGE BATTLE

Atomic Level
Storage
Probe
Storage
Enhancec
Magnetic
Perpendicular recording limit Disk s

HDD Lab Demos ; A
(Perpendicular) @

Year
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2025

Cou rtesy: U. Mastromatteo, STMicroelectronics



