Micro & Nanoelectronics
LECC-Colmar workshop 9™ Sept.2002

This talk addresses some fundamental guestions of

mimaturization in microelectronics

— Trends in microelectronics and nanoelectronics
— Is there an end to CMOS miniaturization?
— Impact of microelectronics on HEP electronics instrumentation

—  What HEP community could gain from the industrial development the
next generation of nanoscale CMOS technology

—  What 15 nanoelectronics?
— Is nanoelectronics promising?
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Is there an end to miniaturization? [@

OUTLINE

- Microelectronics trends

- Evolution of front end electronics for HEP
instrumentation

- Miniaturization of nanoscale CMOS

- Future of HEP front end electronics in
nanoscale CMOS technology

- Nanoelectronics basics and devices
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1 . Introduction

Microelectronics trends}
v'Moore Law §

v'CMOS Scaling
v'CMOS Gate length trends



MOSFET X

The world’'s most abundant artificial object!

v'As MOSFET was 20 years ago at
the |t MPW:
v'5 micron technology
generation with LOCOS
1solation.
v'Gate oxide thickness:40nm
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v Today:
v'0.25 micron 5nm CERN MPWs
v'O. | 3micron: industry state of
the art, 2nm gate oxide
thickness.

4HM 15KU 61 001 S

CMOS TECHNOLDBY
N-channel MOSFET P-channel MOSFET

v'Driving concept behind CMOS source arain e g
v miniaturization: SCALING - .
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MOSFET scaling principle

)

Gate

Gate
T T.,=100nm
) T.,=20nm
- I . SCALING CHANGES W=

X'=X/S (=1u
L=5u

| J | V'=V/S
| < > -- N, =NXS

N, = 2.5X10"/cm’
N,= 5X10"%cm’ A {En

Depletion
Threshold Voltage ~— Yr=—"

VD
Drain current I, = o (V%][Vg V- 4}(%) Ly
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Scaling and Moore's Law

T — C e

Trends in microprocessor development

Pentium® 4 Processor

Pentium® Il Processor

Pantium® Il Processor

MOORE'S LAW

Pentium® Processor

3B6™ Processor

ool
#f S 10,000
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transistors |

100,000,000 |

1 10,000,000

1 1,000,000

4 100,000

i -.“___ {'
4004 & 5 hif“: J
e b e e R B Y 1000
> 1970 1975 1980 1985 1980 1995 2000

:ﬁr STy i\';

. 4004 1971

4004 in 1971 8008 1972

8080 1974

8086 1978

286 1982

S 386™ processor 1985
AR

) ) 486™ DX processor 1989

Si STGF‘TII’IQ block Pentium® processor 1993

Pentium II processor 1997

Pentium III processor 1999

Pentium 4 processor 2000

Source: Intel

Pentium4 in 2000

2,250
2,500
5,000
29,000
120,000
275,000
1,180,000
3,100,000
7,500,000
24,000,000
42,000,000

P.jarron LECC COLMAR 9% Sept. 2002

)
O
o
O
e
Y
Q
Y
O
O
.
©
o
<
o
)
)
S
uy
O
[
Y
Q
AY)
O
O
.
O
>
O




2001 SIA Technology Roadmap

Effective gate length and physical gate length diverge

Starting date ot RD49

1.00 0.5 m
| 0.35 m
7]
5 0.2
§ 0.10 '
= Transistor
Physical Gate
Length
0.01 1
1990 1995
After SIA ITRS2001 road map

m Technology
018 m Node
013 m

1 90nm
:(m A 45nm

u 70nm AL 30nm
\ 50nm T4

30nm " A.
20nm A 15nm
2000 2005 2010

Node scaling xO.7

Semiconductor industry R€D 2002-2007

I.e Crolles2: ST+FPhilips+Motorola+TSMC)

— A
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Year 1997 1999 200 | 2004 2007 2010 2013 2016
Tech node [nm] 250 1 80 130 20 65 45 32 22
Node cycle time | 2 2 2 3 3 3 3 3
DRAM Gbits 0.52 2 4 64
Transistors/chip 276M I 1OEM 58648M




Evolution of front end |

v

v'System integration: SOC
v'Radiation hardening: generic

v'"Miniaturization: Channel density

2.ASICs for LHC

electronics for HEP

Detector integration: trackers




Generic LHC tracker readout [@]

* Analog CMS tracker APV25 radtol

*Charge amplifier

i \‘ .ﬁrz*ang TE+1CFy

* Analog memory 2us deep

Analog data

SEEEn= Analoig architecture

) ok —3—  *Signal deconvolution

- * Analog multiplexing | 28 channel

.
Wralog rmemdr
Ltk ety

*Serial analog optical transmission

*Binary ATLAS ABCD3T DMILL

Amp #} Bindry| mmigrhp

*| ocal hit decision
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————oawea  *FPreamplifier shaper discrimnator
igital optical

e [2 *Digital memory 2.5us latency

i 0
; | ' ' *Data formatting -
Amp Bingry|memp O
= *Token ring, serial digital transmission K§
Q
* Analog-digital ALICE PASCAL radtol 3
5y - I
lf Analonlmemory | | *Charge amplifier, shaper g
o 4w ADC 4
: ; Digital data .A I 4 _.g
wiol | T | P nalog memory 4us =
Defece Analog-;digital architecturge I:Eul:ul in-.;.-ir'm, — DI:'T::; r —(— eReadout of the full mem ory 8
i ; sing ; =
- *On chip digitization 10bit SMsamp /5 &
TR PRTETRY] *Serial digital transmission %
O
S
=
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v’ Analog scheme — CMS tracker APV25

v’ Preamplifier + shaper

v' Analog memory buffering trigger latency
v' Analog multiplexer

v’ Analog data transmission for APV25

v ECAL preshower PACE

v ADC and digital transmission for PACE
v’ Hit decision after level-1 trigger decision

v’ Binary scheme ATLAS ABCD3T

v Local hit decision

v’ Preamplifier shaper discriminator
v’ Digital memory CMS preshower detector module

CMS tracker detector modue |
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v’ Data compression and formatting
v Digital data transmission
v’ Hit decision before level- | trigger decision

v’ Pro and cons of the analog and binary
scheme
v  Wait and see systems in operation...

IO Microelectronics and nanoelectronics

ATLAS SCT 5|I|r1 tracker module



Alice-LHCb pixel detector 8192 ch

V8192 pixel cells/die

v'1 3 millions transistors/die

v'5 dies /detector

v'Differential preamp
v'Power/die:0.8W

v'Pixel size:50 x 450 pum

v'All processing functions on pixel
vENC = 100 e- rms @ C,.=O. | pF
v Threshold mismatch: | 50 e- rms
vVdd= 1.8V

vdd
Preamplifier
IN I=20pA

b
q b
F"'q e il

Rf: Mosfet in saturation

ALICE Detector-chip
efsiaiefelefefefelefels]
HE R @S

bump

bonded GSSCmbly sensor chip (e.g. silicon)

high resistivity n-type silicon

p-type R
silicon layer aluminium layer

flip chip
bonding with
solder bumps

electronics chip single pixel

read-out cell

- - -
L.F.
Feedback
Shaper
Preamp 44
i
J
Cin = T
Bias

ST ]

Analog test input

£ Entrdes 130
[P S Masn 18.50
AMS 2498

fe}

3 i
12 iz 14 8 8 2 2 XM

o
28 28 30
Threshold { mV]

Omega-2 mismatch correction

Fo-Fm | "
Shaper
#2 Discrim. *
—D—/ delay [ coinc. [ 4-bit [] data
‘3 3 logic FIFO FF
Thres. BCO T T T +
Th. Adj. mask R W Next pixel
FFs FF strobe DFF

Pogerms “ueAn” . i AP, PREA A FIEL - SNAPER BrachimvATeR

APOT PAD

FAST o
CAPAGT, FAw WYIT.

LR

After M. Campbell, W Snoeys, R. Dinapoli, 6. Anelli
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ALICE SDD PASCAL towards SOC [@)

—PASCAL readout chip (time—space projection)

—Analog-digital readout architecture
—Preamplifier shaper 40ns peaking time

—Analog memory 256 cells deep x 64 che

T
40-60Mhz writing speed '

-32 x | Obit-ADC SMsamples/s ADC

i
Power & Control pads

—Readout system equivalent to 40MHz | Obit
ADC with 2mW/channel

nputs
Digital outputs

Analog

P.jarron LECC COLMAR 9% Sept. 2002

—Block diagram

0
B e N o S I E—— Successive approximaticn O
- L“?L'WM'?L”? L”?wﬂ ﬁ Wﬁ A/D converter 8
">_|>—’ T T T T ‘ ~ - pa— S
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Preamplifier + buffer \ ‘ %
Analogue memory : =
(Q\}

After G. Anelli, P. Giubellino, A. Rivetti,6. Mazza INFN Torino and CERN



ALTRO chip ALICE TPC

Memory

g Correction _ Suppression gy Format  iuses: Multi-Event =
u Buffer

—_—

10- bit 11- bit CA2 18- bit CA2 11- bit 10-bit 40-bit 40-bit
20 MSPS arithmetic arithmetic arithmetic arithmetic format format

- 8-ch ALTRO readout chip performs
-64 mm2, 29mW/ch
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-Analog-digital conversion £ et np
. . . . S 150} | sy
-Digital tail cancellation 3 Il
. . . < i . -
-Digital baseline correction 100 Il
-Digital data formatting s | T
(| . | iy
0 A .
igital . N
Digita pr‘ﬁes:e.or Memories 0 g
& control logic 0 100 200 300 100 500 600 700 %
Time samples {170 ns) _}_—3
Filtereddata and fixed threshold 8
200 : : : : : Y
42 [ filter output V
§ 150 Il I . Lhresfmld %
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2x8 10bit-20MHz ADCs CMOS7 STm




Rad-hard, rad-tol technologies

DMILL RH technology

v BICMOS 0.8 um technology on SOI
with partly depleted film.

PMOS

PMOS

v’ Gate oxide hardened by technology,
latch-up hardened by SOI.
Hardening by technology

0.25um rad tolerant CMOS RD49

|4  Microelectronics and nanoelectronics  P.jarron LECC COLMAR 9% Sept. 2002

Drain1
Hardening by design Well/Substra
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3. Future Trends of CMOS (€]

s there an end to miniaturization?

v'CMOS feature sizes will enter the range of under | OOnm,
where a number of serious problems await, technological,
financial and physical.

v CMOS will hit fundamental barriers cavsed by quanturm
effects

v'Lithography technology will reach a imit with EUV, cost
of mask set, millions dollars.

V' It becomes increasingly difficult to manage heat
dissipation from ULSI circuits as transistor count exceeds
| OO0 millions per die.

v'Design complexity and architecture issues

V' The cost of semiconductor production facilities is
expected to exceed US$H5 billion by 2006 .

|5 Microelectronics and nanoelectronics  P.jarron LECC COLMAR 9% Sept. 2002




IBM 130nm CMOS

CMOSESF 0.25um CMOS&SF 0.1 3um
vVdd=2.5V v\idd= 1.2V, option .5V $
v Twin Well, P-epi on P+ v Twin Well, non-epr on P+ f’)
vtox,phys: 5nm vtox: /.7, 2.2, 5. 2nm ;
v'Planarized passivation and inter- v'same planarization with low k-valve %
level dielectrics dielectrics §
v STI v ST =
vlow resistance Ti salicided N+ vlow resistance Cu salicided N+ %
and P+ polysilicon and diffusions and P+ polysilicon and diffusions -
v'"Metal pitch :0.64 v'"Metal pitch 0.32
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Issues of extreme MOSFET scaling

| OOnm teature size and below

v  Quantum effects
v Quantum confinement (ITRS RB wall)
v Doping quantum effects (ITRS RB wall)
v/ Tunneling limits (ITRS RB wall)

v’ Short channel effects are very pronounced

v'Linear scaling 1s increasingly harder
v' L and V scaling, field limit 1 V/nm
v Oxide scaling faces tunneling effect (ITRS RB wall) high K dielectrics
v Polysilicon gate depletion
v’ Threshold mismatch
v’ Subthreshold leakage

v’ Technology 1ssue
v Nanoscale Ithography, EUV and then? (ITRS RB wall)

v Interconnection, complexity and power i1ssues

| 7 Microelectronics and nanoelectronics  P.jarron LECC COLMAR 9% Sept. 2002



Intel : Road Map

S

Or sooner with IA64

Itanium® Processor

Transistors /d

1,000,000,000
100,000,000
10,000,000

€
1,000,000

100,000

10,000

1970 1975 1980 1985 1990 1995 2000 2005
100
’6“‘ O Published Data NMOS
g ® |ntel 30nm
& 10 ¢ Intel 20nm e
ey N -
m . _ ‘_8£ .
'y o O%CD
() 1.45 Tera Hertz o "ﬁoo
% 1 | \*, ".“,-'
=27 0.85V
o -* Vee=0.75V
01 — ’
0.02 0.03
0.01 0.1

LeaTe (M)

1,000

2010
Year
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v'Itanium, Intel ISCC 2002
v'O. | Bum

v'22 | millions transistors
v' | Ghz clock

v | 30W, | .5V

| & Microelectronics and nanoelectronics



CMOS trends and basic limits

Scaling faces fundamental physical imits
Gate oxide, wire width, voltage supply

(]

| : . B
5 i
ITRS Feature Size Projections - 4 BULK CMOS DST
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New gate high K dielectrics

v'Equivalent Oxide Thicknesses targeted:

v'0.5nm-1.2nm for high-speed

v'|.2nm-1.6nm low power logic

v Aluminum, Hafnium and Zirconium oxides
are high K material candidates.

v'Recurrent and worrying problem

v parasitic regrowth of the 5102 15 a
challenging technology 1ssue

Tox equivalent (nm)
P.jarron LECC COLMAR 9% Sept. 2002

v'High K oxide reliability and radiation

hardness are not well established 0 2 4 6 8
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Consequences of extreme CMOS

o
©)

300 6
B 6yo n d 2 O O 6 2000 ITRS projection [1] | 2000 ITRS projection [1] 8
» Traditional MOS geometry N e °] I 5
will be over g 200 g4 >
» Scaling should be adapted e 1 ° £ 3y

@ T L] o5
to guantum effects 2 ., z I >
E 100 3 5 Q
» Statistics of dopant distribution £ 7 ., <2 1 O
= ] = Q
Large threshold voltage varation 50 .. aRl ! I, 0
> High K gate mandatory 1 today ) ol today ' E
+al Gat 1995 2000 2005 2010 2015 1995 2000 2005 2010 2015 [
erTa are ~ 1% dopan‘r Year of first product shipment Year of first product shipment D?
After ITRS 2001 SIA 0
1 ~ 100 atoms -
50nm x 50nm transistors: ‘identical ’devices are very different §
Q
~ 2-10 09 §
~ 45 atoms =
el ~ 1% dopant 1 g
Dimension = 0.7 =
unit: atom I %
S
» Devices investigated 0sf TR N :
» Vertical replacement MOSFET N R N ©
» FINFET elevated source and drain Dopants in the depletion layer - Gate voltage [V] =

» Undoped channel, dual metal gate
> Thin film 90! DST After Dabrowski IHPD-Frankfurt

Al




FinFET: FD body thin silicon SOI

* Double-gate structure + thin body on SOI

e Flevated Source/Drain

Gate Length = L

gate

P.jarron LECC COLMAR 9% Sept. 2002

Si fin - Body!

Flow

Intel depleted SOI MOSFET Current
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Al

500 @)

Intel’s 15nm NMOS vo=osv S

P 0.7V &)

= 30 =

g 0.6V »

= (%4

3™ T -

< O

o 100 0.4V O

O

—— 0.3v B

70 nm gate length 0 o2 o o o =

O

| 30nm technology node 30 nm gate length Drain Vaitage (V) =

In production in INTEL E5nm technology node | 5nm gate length -
65nm node Gate Oxides as Thin as Atoms ="' fechinology node

" Ni Silicide

** than 3 atomic layers
thick)

IEDM°O |

23 Microelectronics and nanoelectronics

After Intel



The fault, dear Brutus, lies not in our gates, but in our wires

Shakespeare: the fault dear Brutus lies not in our stars, but in ourselves.

100 After Intel

=
o

cwire./I cdevice

0.1

Bl
2 3lum

1985 1990 1995 2000 2005
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Year
After SIA ITRS2001 road map
Uds] T T T 65nm NOde
METALz2 F
«——— Passivation
[+ RN
g Wire ~«4——— Dielsctric
= r Etch stop layer
m .
C'I -2 = Via
o 06~ Dielectric
] e = Global "
o e parrier
] i e
o o
- Tttty
g o4 ARy
= e Copper
C-|_-| L s — e K| .
E o — Tonducior
=2 e metal barrier
o liner
A R
CSIJ b Z ozg C1_1 xmuuxnuxmuuxm*cguh% Intermediate
1 = e
e e e |I I]
A R o e 8 e R e
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R 8 o 8 O e o e

Iy
e e e et s e o e
A - ‘ —
a1 0.2 03 04 05 05 07 0B 0310 | | |
Locai
i . : %

Pre-metal
Technology (um) | — :ummn:
contact plug

(i) (i)

Theoretical limit Energy required to transport a bit irreversibly from device to device in a computational

system is £, = kT.d f/c (more fundamental than energy now dissipated in a resistive interconnect)

For a maximum information transport distance of 50 nm, Feynman's analysis shows that 10'® bit transfers
per second will require 1 watt of power, 10° lower power than CMOS in 2010.

Issues Wire-to-wire coupling
Wire coupling: at 5 Ghz, Z(| pF)=30€!
Power consumption: &O% n interconnects C . JC,. =100
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Power density trends and limits

Thermodynamic ultimatel

limits progress of microelectronics

Power Density Extrapolation

10,000

1,000

Power Density 4g0
(Wicm2)

10

Pentium®
processors

00

Pat Gelsinger’s slide from ISSCC200 | - Intel
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Summary of miniaturization issues

* Device IImit

— Quantum effects
— Short channel effects

* Technological barriers

— thhography CPU time before tape out, Half million hours

CCCCCC

for gn Intel processor in 2004

— processing

750,000

* Thermodynamic barrier=
* Set by interconnections ==

750,000

* Financial 1ssue

250,000

* Com P lexi ty ISSUE Pl R
The design of billions transistors chips soon, and
Erillions transistor chips turns out to be a titan’s task
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4. Future Trends

Nanoscale CMOS for
HEP analog front end

v'Ultra-fast electronics

v'3D silicon detectors, thin detector
v'"Monolithic pixel detector

v'Few electrons amplification
vntegrated APD’s array




X: 36.09 ¥ 10222 {F) Selecl: 0 ux: 13.76 Uy 5335.40 Disl: 36,387 [uILH

Toolz

Design  Window Create LCdit Verify Conneclivity Oplions Route

Design based on differential
common gate nput MOS
configuration based on common
base circuit of V. Radeka. O0.25

micron CMOS IBM outperforms
bipolar design.

Very very fast!

lEep

v'8-Ch Amplifier-discriminator for ALICE TOF
v'Differential IN and OUT

v'Tunable input resistance: 50 Ohm

v'Power : 20 mW/ch

v'Peaking time: 1ns, noise 2500 e- rms @ 10pF
v'"Walk time without correction: 250ps

v'"Walk time with correction: 20ps

v Jitter: 10ps rms

P.jarron LECC COLMAR 9% Sept. 2002
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Very fast, low noise and cryogenic

AFF amplifier for the silicon Beamscope of NAGO
3.5ns peaking time, 3mWj/ch

ENC (e-rms) at 300 K

430 -

410

390
370 A
350
—e—ENC (e-rms)
330

310

P.jarron LECC COLMAR 9% Sept. 2002

290 -

210 | 4fC Time Bns/cm

250

Ifeed (uA)

Room temperature and cryogenic
can operate from few K to room temperature

ENC=300 e- rms at Cdet=5pF
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G. Anelll et al. Schloss Elmau conference 2002

Double pulse resolution 6.5ns



Simplified Cross Section of Part of Sensor

Nucl. Instr. Meth. A 395 (1997) 328,

gﬂn ®n ®n Trans. Nucl. Sci. 46 (1999) 1224; 48
o [ [ (2001) 189,1629,2405.
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Non lrradiated at | 30K

3D Silicon detector Principle
S. Parker

Qutput Pulse Observed of Non-lrradiated Sample at 130k Using Sr-90 with 40V hias
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0.0%
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0.085

Results of radiation
hardness and detector
speed are promising for
LHC detector upgrade
and

LHC forward detector
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time [ns)

Fall Time=1.5ns (£0.25ns)
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3D Si-detector

Am 241 Spectrum Recorded With 3D Sensor
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Monolithic Pixel sensor

MAPS-MIMOSA IITI LEPSI-CERN (2000) in 0.25 CMOS IBM

LoGic
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sy (N0 = O g
§'§ 0 hm,i’“‘ T v'Pixel size 8um x 8um &
E‘E I L= v - v'Passive integrating readout &
g8 CHIIEH = B & s v'Processing time(CDS) = | ms %
?_E Bokiy e B = v'Charge sensing node = | OfF %
¢ B CH O O g O3 v'Leakage currentx 2 fA o
Es&‘:@u Lo T vENC= 6 e- rms §
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0.25 CMOS compatible APD

Integration ot APD in CMOS 1S THE TECHNOLOGY
Potential high resolution solid state PM
Single or fewer photons counting integrated device

Preliminary results of test structures in IBM O.25micron

)

V4 Gain Characteristics
- Up to X100
= Avalanche voltage: | 3V

| Good gain uniformity

13.2
vvvvvvv Unpublished work 2002 CERN, EPFL

2 12.4 12.6[V] 12.8 13
90 micron APD diameter
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Noise limit in pixel readout (€]

Ql
Towards single electron circuits: L=0.28 um Id/W= | uA/ um S
Parallel and series noise calculation done by J. Kaplon for 0.25 CMOS IBM AN
o — 40, PMOS 8/0.28,,=30muA, CR-R¢ =
S 10 2, B -
2 S >
"" = 301 Peaking- <§(
- o
i O
20 Temp=300K §
10 ™ /ﬁf 2
q 0 N N L ke Temp=77 Peaking Time=100nﬁ =
107 10™ 107 10° 0 '
HeedbaERA 0 0.05 0.1
Cdetector [pF]
Pixel miniaturization trends SOfF(= 50um) to 5fF(= Sum)
Cd=50fF, PMOS L=0.28m, T=300 3MOS L=0.28:m,C,=15fF, CR-RG 100ns PMOS L=0.28m,C  =5fF, CR-RC 100ns
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5.Beyond nanoscale CMOS

v"Nanoelectronics

v'Nanotechnology has often been defined as the science of fabricating,
characterizing and using structures from the atomic scale up to around
| OO nanometers

v This definition embraces many fields

P.jarron LECC COLMAR 9% Sept. 2002

v'from electronics and physics, through nanobiotechnology, chemistry
and on to mechanical engineering.

v'Below the | OO nanometers IImit?

v'Quantum effects
v'Electron tunneling
v'"Quantum confinement

v'Single electron effects (Colomb Blockade)

)
O
o
O
.
B
Q
Y
O
O
o
©
o
<
.
)\
)
S
.
O
[
Y
Q
QL
Q
O
e
O
>
<
9]



Nanoelectronics: devices

v Single Electron Devices

SET
Hybrid CMOS-SET
Single electron Memory

v Quantum devices
Quantum dot
Quantum wire
CNT devices

Quantum computing
v’ Spintronics
v’ Molecular devices
v' DNA devices
v Nano-mechanical devices
2 ad infimtum

"The paradigm of the
microelectronics industry 1s not
the way forward; we can only
miniaturize two more orders of
magnitude before we reach the
atomic level, and it will cost an
absolute tortune. Do we really
need pentabit devices? Or
would we be better off pursuing
higher complexity, instead of

smaller transistors?"
IBM Zurich Nobel laureate
Heinrich Rohrer (AFM)
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Dimensional scaling top-down, bottom-up

Down scaling breaking and quantum effects
Nature After MIT conidensed matter group Manmade

“technology” T Technology

Printad circuil board
0.06 - 1 m wide
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Imagrated circuit chip (dis)
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Top — Down

w design

v sy based
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There 15 plenty of room at the bottom™ Richard Feynman
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MOSFET device fundamental limits [©)

v'Colomb Blockade

v'Quantum confinement
In the channel caused
drain current oscillations
v'Discrete doping
center cavsed Colomb

blockade in channel
Lg=100nm, W=400nm, V,~0V

0.5

0.4 4.2K

35mK

0.0
180 200 220 240 260 280 300 320

Vg(mV)

M. Specht, CEA/DRFMC
IEDM 1999

inversion charge (electrons)

10°

10*

10°

100

10

Channel charge f(Lg)

6 decades

| O electrons
At |5 nm

3 decades

1 10 100 1000 10°
Lg (nm)

After J. Gauthier LETI
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Nanoscale devices

Mesoscopic device

v’ Crossover regime between
classic physics and quantum
physics

v’ Fills the gap between the
atomic and micrometer scales,
where quantum mechanical
effects come into play
Molecular device

v'Quantum devices

DNA and 30nm MOSFET

. L R s
e R AN, R S ."_?""

AT
ol i ey

e -
-

,.-. .‘.. 1E . .
10 nm gold particle attached to Z-DNA &80

v'Individual electrons observed

v'size of mesoscopic device comparable
to the spread of electron.

v Nature of electrons is strongly
resolved, wavelength nature of electron
becomes important.

v'Complete space and energy quantization

-~ Manoscale :Microscale ———w
uan’rurrr T :
Q hani " Mesoscopic - CIGSS'CC‘.'
mechanics : devices | = Mechanics
Quantum
dots
(@)
les ,M :
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Quantum confinement in quantum dots [@)

Classical point charge,
valid for macroscopic size

Interference in Classical Wave Systems

2, ~nm to SOnm Model from optics

P.jarron LECC COLMAR 9% Sept. 2002

‘ I“ﬁ:uh‘: : i : '- i ‘ F : “
Quantum Dots / 1y S —
Electron wavelength | >l 2 i

Why wave interference plays a role in mesoscopic
devices? Because phase coherence of electron
wavefunction 1s stable at nanoscopic scale.

Electron tran5port n quantum dots

v Example of electron wave function in a

I OOnm quantum dot, Fermi length in the range s
of the quantum dot size. Classical model Quantum wave model
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Tunneling & Colomb Blockade

/9\ The free energy of the system
m & Q cannot increase spontaneously
R
arrival of 2 2
1{Q-e 1Q
U an electron AF = — u e —
.. . 2 C 2 C
tunneling junction
2
— e Qe
n =—-—x<0
) —T' ) 2C C
T 1> 2 — e*/C
e _f}e r2C o Drop of electrostatic energy:
before tunneling after tunneling e
AW=¢| ——+U | =20
2C

— threshold for the arrival of an electron: U > e/2C

After J. Gauthier LETI
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Colomb Blockade

eil

» thermal energy: kT <<E_ =
x

Ec=10kT @ 300K — C; =0.3aF — nanometer size

Arrival of one electron on a tunneling junction

Before tunneling After tunneling

« quantum localization:
(of the electron wavefunction in the island)

2
quantum fluctuations AE << © 1 h
Cs = R; >>—— = 8kQ=~ R,
nooh P e
-2 =
&E = At RT C . After J. Gauthier LETI
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Single electron transistor - SET

Condition for the arrival of an e~ through J1:

N.
o)
&
Cl U = < 45_
)
Y
J1 ICG 12 U= C—[Q +CGVg +C V| :
v i\!ﬁ bev S
i CE :CG +C]+C2 é
S
alowV, 5
v periodic ON state .
Q higher V

v broadening of ON state

" C =C =0.1aF
5 D

Coulomb Blockade
Oscillations (CBO)
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SET-based logic SET

L
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Q Pass transistor logic
v Twin SET

0 ultralow-power

v Logic swing DV c=24mV

v Messenger V=4mV

0 Need of CMOS amplifier

v Hybrid logic

0 demonstration half sum and
carry out adder
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Multifunctional SET logic (Toshiba) (@)

Tson < 2.5 nm
. o Gate Poly-8i
O Memory effect in undulated Tox = 40nm P

hyper-thin SOI ( t; <2.5nm)
O Tuning the phase of CBO

v Program the operation of SET

Memory node

2

Source
Drain

801 e |
Buried Oxilde S0 b= ™
51 Substrate

O Demonstration of inverter / Undubted Hyper-thin SOI Film
non inverter gate at 300K

O Need of CMOS buffer

ercolation channe

0.72
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v Hybrid logic 0046k
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OO

ADC converter (NTT)

Taking advantage of the periodicity of current oscillations

Demonstration of basic

functions for an ADC CLK
Hybrid SET-CMOS A,
Fabrication by PADOX Vo= &

process
quantizer operation at 25K

Application to multiple-valued aneter-

vdd I|Oad:4.5nA

logic gate
MOSFET
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* What it is?
It is stronger than steel

it is far sharper than a

pin
it shoots electrons b

"b uclﬂninslerhlﬂerene
it draws away heat
it is the thinnest wire
it can be the tiniest
electronic device
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]

a) A single nanotube bundle is
positioned over the gold
electrodes to produce two p-
type CNTFETs in series.

Gain=1

b) Characteristics of the
resulting CNT voltage
inverter.

back gate
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AFM image After IBM. Published in Nano Letters, August 2001



Nanotechnology could surprise us!

A good old memory concept revisited: nano-mechanical memory

=This technique 1s capable of achieving data densities
in the hundreds of Gb/in? range, well beyond the
expected limits for magnetic recording (60-70
Gb/in?).

June |1, 2002 Zurich
Using an innovative
nanotechnology, IBM
Zurich has
demonstrated a data
storage density of
one trillion bits per
square inch — 20
times higher than the
densest magnetic
storage available
today.

“MILLIPEDE™ Concept

AFM-based Storage Svstem:

High Data Density But Low Data Rate

= Highly Parallel Operation
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Multiplex-Driver
P

Izz
Storage media

on XYS scanner
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SUMMARY

CMOS will continue its scaling until 2015-2020

- HEP community must continue to monitor new
technology opportunities for sensor and ULSTI circuit
developments

- Get ready for the next technology generations: 130nm, 90nm and then
50nm

- Understand trends in circuit architecture and radiation hardness of
nanoscale CMOS technologies

* Adapt analog circuit design techniques to very low voltage supplies
- Investigate new design opportunity, i.e few electron circuits,

- Sensor integration
 Room temperature monolithic single visible photon sensor array
» Low cost macropixel detector for future tracking systems
» Ultra-thin micron scale monolithic silicon pixel

- Have a look on nanoelectronics

» Challenging and risky to use nano devices, would require enormous
effort for uncertain result.
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CONCLUSION on Nanoelectronics

Nice instruments
But not yet ready to play musicl

Sept. 2002

jJarron LECC COLMAR 9t

From nothing to somethingness

the tinier your "something" gets, the more
'nothing” will turn out to be "something'.
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