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1. Introducao

Historia longa num periodo curto
Alguns fatos marcantes:
1947 - Descobrimento Transistor
1959 - Processo Planar para ClI’s
1962 - Primeiros Cl's Comerciais
|dade do transistor = 56 anos

Idade de CI’s Comerciais = 42 anos.



1. Introducéo

Crescimento incomparavel na evolucao
tecnoldgica e no mercado: 16% anual

Mercado global de eletronica é > US$ 1
trilhdao, maior do mundo !!!

Revolucao economica e social — baseada na

tecnologia da informacao: Internet, i-mode,

Bluetooth, telefone celular, navegacao e carro
Inteligente, realidade virtual, jogos eletronicos, etc

Foi possivel gracas ao progresso em
tecnologia de semicondutores ¢ CI’s.

Estamos na “Idade do Silicio”.



World wide Electronics Consumption
Billions of US$

1999 2000 2001 2002 2003 2004

E_ Reed Electronics Group |I"I'Stﬂt m




103

wAE—SWarld-wide GDP (4.5% CAGR
pduction of total clectronics system

10 9% CAGR) ™

2 wi
il \

Production of semiconductor .
devices (17% CAGR)

1} -
P 1970 1980 1990 2000 2010 Year
{ Source: Refl 1)
Fig.3 Trend of Semiconductor Production




Towards ambient intelligence

_
10 1 chips/device
:
1 >100 # devices/person
- ' _
o
Computing power Personalized devices Accessing the smart environmenl‘

1990 1995 2000 2005 2010 2015



Bits/Chip

Information Storage Capacity of
Silicon Chips
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Millions of Units

Where Are the Transistors?

3,500 Computers you don'’t see
—e— MCU
—a— MPU
oF——= = ini® ]
1991 1992 1993 1994 1995 1996
Year

Source: ICE “Status 1996

Average Number of MCU's

Home

250 T Appliances
Intercom, security
200 + Telephones, Cell phones
Garage door opener, Remote controllers
Answering machines
150 T Fax
Computer
100 + TV, STB,VCR, Camcorder
50 / Office
o® - } !
1970 1980 1990 2000

Year

» Microprocessors and Microcontrollers are
ubiquitous In our lives

(onipresente)

(from M. Green)
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CI’s oferecem:

muitas funcoes
alta velocidade de operacao

com:

*haiIxo custo

*baixo consumo de poténcia
tamanho reduzido

*massa reduzida e alta confiabilidade.



Microfabricacao desenvolveu-se para
Microeletronica (disp. discretos e CI°s),

» Hoje apresenta novas aplicacoes:
— optoeletronica
— fotonica
— microssensores e atuadores
— micromecanica
— estruturas para biologia
— montagem de modulos de CI’s

« Atualmente: = Nanofabricacao,
Nanoeletronica.



Evolucdo de Microeletronica, Regras de Escalamento e
Limites

2. Historia e Evolucao da
Microeletronica



e Século 19
— falta de conhecimento tedrico
— 1874: retificador de PdS - F. Braun



1906: Vacuum Tube

(from H. Iwai)



Pe. Roberto Landell de Moura

- Transmissor de ondas eletromagneticas (luz ou RF),
modulado por som.

- Aplicacoes: telégrafo e telefone sem fio.

- Dispositivos: Interruptor fonético, lampada
transmissor de 3 terminais, receptor de Se.

e Patentes no USA:
— #775,337: “Wireless Telephone”, filed Oct.4, 1901, approved

Nov.22, 1904

— #775,846: “Wireless Telegraph”, filed Oct.4, 1901, approved
Nov.22, 1904

— #771,917: “Wave-Transmitter”, filed Feb.9, 1903, approved
Oct.11, 1904.

« Pe. Landell de Moura permaneceu no USA, de 1901 a 1904, para
conseguir as patentes.



Fa. 771,817, _____ PATENTED OCT. 11, 1804
k. L{OE MOUHL.)

 Principios:

— modular a emissao de uma AT T o
lampada (de arco) ou outro o
dispositivo de emissao. R4

— Modulacao sonora por diafragma f Q\Jf g ' =
ligado a chaves liga/desliga, que A '
chaveia a corrente pelo emissor.

— Receptor: um resistor de Selénio. § s ‘f. -
B it 0%

Item E = lampada de arco
Laboratorio em Campinas, a partir

de 1892. jﬁ ookl
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 Inicio do século 20:

—teoria de mecanica quantica, Schrodinger,
etc

— patente de transitor FET, 1928,
Lilienfeld, sem sucesso experimental
(estados de superficie)



Lilienfeld, “um homem muito a

99'

frente do seu tempo

‘The body interface to the oxide 1s often called the surface.
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J. E. LILIENFELD

DEVICES FOR CONTROLLED ELECTRIC CURRENT
Filed March 28, 1928

Patented Mar. 7, 1933 1,90b,018

UNITED STATES PATENT OFFICE

JULIUS XTDOAR LILIINYILD, OF BROOXLYX, NEW YORX
DXVICE YOR CONTAOLLING ELEICTRIC CURRENT

Appllcation Ued Mazeh 38, 1034, Scrial Mo. 343378,

J. E. LILIENFELD
DEYICEZ rOR CONTAOLLINO ELIZCTRIC CURRLXT ~‘
Filed March 28, 1928 Sheets-Sheet 1
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J.E.LILIENFELD

(from H. Iwai)



1936 - Grupo de estado solido na Bell Labs
1940 - R. Onhi, 1dentifica Si tipo p e tipo n
1940 - 1945, desfeito o grupo da Bell Labs
1946 - Novo grupo na Bell - W. Shockley

1947/Dez., Bardeen e Brattain descobrem o

efeito transistor bipolar






J. Bardeen, W. Brattain, W. Shockley




1948 - 1950: Shockley - teoria BJT

1952: Bell Labs |
outras empresas:

1956: premio No

iIcencia a patente para
Texas, Sony, etc.

el de Fisica

1955: Shockley o

eixa a Bell e cria empresa

Shockley Semicond., no Silicon Valey.

1957: R. Noyce, G. Moore e outros, deixam
a Shockley Semicond., criam Fairchild.

1968: Noyce, Moore, Grove, criam Intel.

Multiplicam-se as empresas no Vale do Si.



 1958: J. Kilby, Texas Inst., patente de ClI,
usando processo rudimentar:




Processo Planar

« 1958 - J. Hoerni, Fairchild, processo planar:

— Superf. Si oxidado + fotogravacao, abertura de
janelas para difusao, varios no mesmo plano.

(e) Remove resist--pattern
transferred to 510,




Nature Has Endowed the Silicon
Microelectronics Industry with A
Wonderful Material: SiO,

Native to Silicon
 Low Interfacial Defect Density
» Melting Point = 1713°C
* Energy Gap =9 eV
* Resistivity = 105 Q-cm
* Dielectric Strength ~ 1 x 107 V/cm

(from M. Green)



1959: 1° Circuito Integrado
Planar

Robert N. Noyce

(from H. Iwai)



« 1959 - R. Noyce, Fairchild, processo planar
para CI’s. O principio é usado até hoje, com

Incorporacao de forte evolucao.

« 1962 - inicio da comercializacao de CI’s.



Primeiro CI, 1961 - Fairchild




1960: Primeiro MOSFET, por D. Kahng and M. Atalla

(from H. Iwai)



1960 - D. Kahng e M. Atalla, Bell Labs,
transistor MOS.

Persistem problemas de estabilidade, cargas
no sistema Si02/Si

1963 - F. Wanlass, Fairchild, CMOS

Outros grandes avancos na tecnologia MOS
— uso de porta de Si policristalino (1966)

— uso de I/l para ajuste de V-



MOSFET

gate

source

lds T Vg=Vdd

Vds



» Segundo K. Ng (IEEE Trans.E.D.Oct. 1996):

p-n JUNCTION FIELD-EFFECT TRANSISTOR

p-n SOLAR TUNNEL

ZENER RELATED
DIODE VARACTOR TFT DMOS DEVICES




« Desenvolvimento de dispositivos é baseado:
—a) Blocos construtivos:

N

IR Ec

Eg

—

\ T

. N

r

METAL-
SEMICONDUCTOR

Ey

—~—

[)opm(} HETEROJUNCTION

SEMICONDUCTOR
INSULATOR

IN

27

\

SULATOR-

_\ METAL




— b) mecanismos de transporte

— Deriva resistores, transistores FET
— Difusao juncao pn, BJT

— Emissao termionica barr. Schottky,

— Tunelamento diodo tunel, cont. 6hmico
— Recombinacao LED, Laser, diodo p-I-n
— Geracao celula solar, fotodiodo

— Avalanche IMPATT, ZENER, APD



Tecnologias dominantes p/ Cl: BJT, MOS
Atualmente, > 85 % é CMOS

\\J

7L

OUTROS BIPOLARES

l
1978




percent ——»

100 / <1% 1% /<l % <1% TTL \ Z;Z:ﬁj(:j’mher

4% ECL 4% < O -
90 1 19% ggﬁf“d 12% I‘V: 11% Lk bipsl
597 bipolar 20% <1%
70 7 29% analog
60
" 2% 14 mos
40 - S
30 -
20 -
104 eMO3 BiCMOS 18%

0 12% 16% l 5%
I
C 1987 N 1999 2003

$11€)822B $29.0B e $115B $175B

| year (EST) (FCST)

ICE, in Deep-Submicron
CMOS ICs, H. Veendrick
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Fairchild

SRAM 256

1970




1970 -1

————

024 Bit DRAM, Intel
e e =
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1970 - CCD 8 Bit, Bell Labs




ocessador 4004, Inte!

1971 - Micropr
. N _IF B® 7




2001 - 256Mbit DRAM (TOSHIBA)
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Digital Audio Broadcating

: Ers : Complex Programmable
Chip — 6 milhoes de transist.

Logic Device — 9 milhoes

~ de transistores.
,, s
LR

Philips, in Deep-Submicron
CMOS ICs, H. Veendrick
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Evolucoes Tecnolo
- Reducao nas dlmensoes

LARGURA DOE LINHAS Lpumi

PRODUCAD

ASIC
oes;uvon.v‘memo

’
MEMORIAS




Canal | (um)
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1. Roadmap
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Area de chip




Eficiencia de Empacotamento — Inovacao
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Numero dispositivos por chip - Lel Moore

sl o } DRAM /
O ULSL X
| . /o/ —"4)(/30‘/\/\-0'.,\
S 4 Apresentada em abril, 1965.
2"l ./”( Preriodo - taxa:
° <1965 - 2x/12 meses
& (T <1975 — 2x/17 meses
8 —w0’ . <1985 — 2x/22 meses
S st | > 2 X / POV S <1995 —  2x/32 meses
ol <2003 — 2x/24 meses
&St
B T el V16dia>1970 — 2X/24 meses

ANO (Intel considera:

media — 2x/18 meses)



MOORE'S LAW IN ACTION

A quick look at popular Pentium 4 8
processoars, their year of - 3 Bl
: ; Pentium JI N
introduction, and the number of 7 | 1N
transistors shows how the ' Pentium 1l £b4 1o
annual doubling of transistors el §
> wasn't quite so annual.
16 G O 4 Gbit " 4 6
4G A o1 Ghit SOURCE: Intel ’ 2 a
L ’ ! =
e 256 Mbic o
256 M 1 F 64 Mbit 0
64 M £ 16 Mbit
16:M 1 & 4 Mbit 4
ppl ) 4004 l 10
S M ,O 1 Mbit :
& 3 256 kbit
g 256k O 64 kbit 103
¥ GdkA #1630
S ek Q’ 16-kbic MOS-DRAM 1970 1975 1980 1985 1990 1995 2000
: 4k A g
= @ 1-kbit MOS-DRAM
3 1k '," A ROCK'S LAW FAILS TO HOLD
§ 256 1 @’ 4-bit TTL-counter i -] A Fab cost per transistor has
® 64 1 Q"dual i Biop decreased nearly four ortflers
16 o of magnitude since
4 ,,O RTL gate 108 — A Moore's Law was discovered.
1 < ssi : f wsi ? LS: i y VLSII . T | T _/// SOURCE: VLSI Research
1959 1965 1970 1975 1980 1985 1990 1995 2000 2005 07—
year ————>= 2
2 106
3
105 —
]04 =l
(Deep-Submicron CMOS ICs, s

1970

1974 1978 1982 1986

(IEEE Spectrum,

1990 1994 1998 2002

H. Veendrick)

Dec. 2003, p.32-33)



1. Roadmap
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« Reducao de custo e aumento do no. de bits

-3 b)
1000 : - 10" _ -
Price Per Bit (DRAMS) Quantity of Bits Pyoduced {(DRAMS)
100 10"t
151
10} 10
B 10}
8 1
s 107}
01 - 10!? -
001} |
0.001 SR SN N SRS S NN SR S 10" T T

76 78 80 82 84 86 88 90 92 94 96 76 78 80 82 84 86 88 M 92 94 96

101/ bits ~ 10 x no. graos ~ no. formigas




Downsizing of the components

1910 1950 1960 1970 2000

Vacuum Transistor [IC LS| ULSI
Tube

10 cm cm mm 10 um 100 nm
Downsizing:

Power reduction
Speed increase

High integration Function increase

Capacitance reduction

Cost reduction per function or speed

(from H. Iwai)



Past and current status of advanced LS| products

Year Min/ ratio | DRAM ratio MPU | ratio
Lg(um)
1970/72 10 1 1K 1 750K 1
2001 0.1 1/100 | 256M | 256,000 | 2.0G | 2,667

(from H. lwai)
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Tl, Koning&Hartman,
In Deep-Submicron
CMOS ICs, H. Veendrick




Outras Comparacoes:

Trmrnen




Dados de algumas geracoes:

Eniac X 68.040 X
(1945) (1990)

dispositivos 18k 102 | 1.2M |2x10°

Volume 200m3 | 108 | 2cms

Velocid. 150 IPS | 10° |20 MIPS

Consumo 10 kW | 10* 1w

Custo LY 10° | $1Kk

Confiabilid.| horas 103 anos




The Computer, Then and Now

Laptop (2001) ENIAC (1946)
$2000 >$1,000,000
500,000,000 additions/sec 5,000 additions/sec
2 kg 30,000 kg
<45W 174,000 W
300,000,000 transistors 17,468 Tubes

(from M. Green)




2001

42,000,000| x 18,000
2,000,000| x 18,000

0.13] /6000
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Aplicando as mesmas escalas ao carro:

Padrao X Analogia
Velocidade 110 km/h 10° 3000 km/h
Consumo 10 km/I 104 10000 km/I
Custo $20k 103 $ 20
Confiabilidade 1 ano 103 1000 anos
Peso 1t 108 10 mg




Evolucao de Microeletronica, Regras de
Escalamento e Limites

3. Materiais Usados em CI’s de Si1



6 um NMOS LSl in 1974 Passivation (PSG)
e

/AI Interconnects

<« ILD (Interlayer

Dielectrics)
\(Sio2 + BPSG)

B

/ \

Si substrate

@ magnification el S0
Layers Materials
Poly Si gate i SiO
electrode Si substrate SI, S10;
: Field oxid BPSG
leld oxide PSG
Gate oxide Al
Poly Si gate electrode
Source/Drain diffusion m
_ _ Si, O, Al,
Interlayer dielectrics PR
Aluminum interconnects
Passivation (H, N, Cl)

(from H. Iwai)



0.1 ym CMQOS LSI in 2001

Large number of layers,
Many kinds of
materials and atoms

magnification

Wviaplugg ——

LowkILD ——

W contact plug —— =

l

T magnification

CoSi,
_ . S
Ultra-thin gate SiO, L l »
magnification (from H. Iwai)

At 130 nm node: ~ 20 materials
At 65 nm node: ~ 34 materials (SOI, SiGe, ultalow-k, HfO,, SION,
ALD barrier and seed layers, etc) — S.1. Vol.26, no.12, p.36 (Nov.03).




Efeitos sobre a Capacitancia de Porta

» Classicamente: [o}ES Cox(VGS _VT)

 Correcoes:
efeito da espessura do canal s - Polsifcon
deplecao da porta de Si-poli

Charge Density (nm-3)

Usar porta de metal! : Ditance(om
« Tunelamento pelo O0xido: usar dielétrico de alto k!




Simulacoes de atraso de porta e de linhas

-Y¢- Gate Delay
40 /‘P -4~ Sum of Delays, Al & SiO,
35 f f -@- Sum of Delays, Cu & Low «
ff; -& InterconnectDelay, Al & SiO
30 // —~- Interconnect DelayCu & Low «
25

Delay @ate wi Al & S50,
(ps) 20 _ Al 3.0 Qem
Cu 1.7Qcm
GatewiCu
-

Si0; k=4.0
- &Lowxk Lowx x=2.0
Al & Cu 0.8 pm Thick
Al & Cu 0.43 cm Long

15 -

-ﬂ-‘"r’

10

650 500 350 250 180 130 100
Generation{nm)
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G e
[1] IBM Corp.’s new CMOS 7S process for manufacturing ICs uses copper for its six levels of




Evolucdo de Microeletronica, Regras de
Escalamento e Limites

4. ITRS (International Technology Roadmap of
Semiconductors) e Tendéncias



Previsao: Roadmap SIA 1997

Dado \ Ano 1997 1999 2001 2003 2006 2009 2012
Lyn. (NM) 250 180 150 130 100 70 50
DRAM (bits) 256M 1G - 4G 16G 64G 256G
Area chip DRAM (mm?2) 280 10]0) 480 560 790 1120 1580
Diametro / lamina (mm) 200 300 300 300 300 450 450
Niveis de metal (I6gica) 6 6-7 7 7 7-8 8-9 9
Compr. metal (I6gica) (m) 820 1480 2160 2840 5140 10000 24000
Vpp(V) 2.5 1.8 1.5 1.5 1.2 0.9 0.6
VT1(V) 0.45 0.40 0.35 0.30 0.25 0.20 0.15
Fuax de relogio (MHz) 750 1250 1500 2100 3500 6000 10000
NUmero mascaras 22 23 23 24 25 26 28
Espess. Oxido 6.5 5.0 4.5 4.0 3.5 2.7 2.0
Defeitos (m-2)™* 2080 1455 1310 1040 735 520 370

Custo/bit DRAM inicial (uc)120 60 30 15 5.3 1.9 0.66



Scaling of MOSFET Dimensions

Silicon

‘e 30

105 = —~~
s T E
%) - ] =
= 1 @
S 1E = O
S - E c
= - . e
-] - e
0.1 4100 -
(@] = B S
= n S =
= g 1 O
S 0.01¢ 410 ¢
3 0.01 =10 2
?CJ E (~13% Reduction Per Year) .E , © .
C
@ | | |
O 1960 1970 1980 1990 2000
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(from M. Green)



ﬂ_ation ITRS roadmap
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ITRS2001 — dimensdes em nm

AnNo 04 |07 (10 |13 |16 |19 |22 |25
NO tecnologico {90 |65 |45 |32 (22 |15 |10
Printed Gate 53 |35 |25 |18 |13 |9 4
Physical Gate (37 |25 (18 |13 |9 |6 |4




 Quais as forcas propulsoras para tal evolucao?
— Maior densidade integracdo = economia
— Menor consumo de energia = desempenho
— Maior velocidade de operacao = desempenho

— Menor no. de chips / sistema = economia
« Uma nova geracao / 2 a 3 anos:
— 2% densidade de circuitos l6gicos

— Aumento de 40% em desempenho

— 4x capacidade de memorias



Ullra-Large-scale 10 Glga-oCalé
= Integration




Scaling — “Technology Entitlement”

500-nm 350-nm 250-nm 180-nm
80.7 mm? 46.6 mm? 19.2 mm? 10.7 mm?
Die Per Wafer:
310 558 1435 2616
—p 8.4X increase in DPW ———p
19 TEXAS

RRD INSTRUMENTS




CMOS Scaling x Wafer Scaling

= Sfill More Die per Wafer !
1999: p 2001:
180-nm Production = mssssssssl»  130-nm Production
> 2.25X
200-mm Wafers m—- 300-mm Wafers

2616 11,772 ’j/

Die per wafer - ~ Die per Wﬂf&":

Another 4.5x increase in DPW
from CMOS scaling plus 300-mm

in only 2 years * Texas
RRD INSTRUMENTS



193 nm patterning

fa Pl Mg Dyl WD Fﬂ:'ﬁ'l'

0.13 um lines and spaces on ST1 after gate etch
printed with binary 193 nm lithography

(from G. Badenes, IMEC, 2000)









Transistor processo Intel 90 nm vs. Virus de Gripe.




20 nm Gate Length Transistor
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R. Chau, Proc. Silicon Nanoelectronics Workshop, pp. 2 - 3 (2001)
http://www.intel.com/research/silicon/micron.htm



16 nm Gate Length Transistor

STM icroelectronics, Semiconductor International de Nov/2001.



IBM — 10 nm MOSFET

uys ,

I,-V,: Characteristics

SEM Image TEM Image
Top View of a MOSFET Cross Section of a V-Groove



ITRS2001 — dimensdes em nm

Ano 04 (07 (10 |13 |16 |19 |22 |25
NO tecnologico |90 |65 |45 |32 |22 |15 |10 |7
Printed Gate 53 |35 |25 |18 |13 |9 6 |4
Physical Gate (37 |25 |18 |13 |9 |6 (4 |3
Transistor pMOS, L =6 nm, (IBM-2004

EOT=1.2nm
Lgate=6nm
Ts=4-8nm




CMOS Circuit Performance Trends
Challenges and Solutions

10 i
7 New Transistor P

Structures

SOl devices Copper and Low K

Insulator reduce
interconnect delay n

Bulk CMOS and Aluminum
Interconnect. Performance
enhancement saturates due N
to device non-scalability,
1 and interconnect delay
1995 2000 2005

Relative Silicon Capability Growth

2010 2015
Year

B. Davari, VLSI Circuits Symposium, Kyoto, Japan, May 1999



Silicon-on-Oxide (SOI)
Field Effect Transistor (FET)

METE Channel EESCITTeT:
(Single Crystal Silicon

Buried Oxide

Si Substrate

l
l

Source: CMOS Scaling into the Nanometer Regime; Yuan Taur, et. al; Proceedings of the
IEEE
Vol. 85, No. 4, April 1997.
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D.K. Sadana, Proc. ULSI Process Integration Il, ECS Spring Meeting, Washington , March 2001.




New Structure: Double Gate FET

Gate
Drain Channel BT
(Single Crystal Silicon
Gate -

Insulator

Si Substrate

1

l




FINFET

30 nm SiON buried oxide

BOX

a. FinFET Cross Section

Si film

A&;V;S})Hidggnf " Det WD Exp = 1 ur}l
5.00 kV 3.0 59220x TLD 2.9 1 Nadine en Hans !lI

R e



HfO, Gate Dielectric on Vertical
Transistor

 ¢-Si
channel ‘ ‘

il o vio, e

source

PSG

L
dale

(from M. Green)



VRG: Atomic Resolution Image of
HfO, Gate Dielectric

nitride

(from M. Green)



Canal de Si1Ge ou Si tensionado

« Modificacao da estrutura de bandas E - k
« Maior mobilidade
« Maior vel. de saturacao

Si/SiGe

Strained Si
Source N
Relaxed Si;_,Ge, Buffer

Si Substrate

1. Cross-sectional view of a strained-Si/Si, _ , Ge,, MOSFET on bulk Si.




Strained Si

e Device architecture:

Strained Si

4= :

.0..Q=i

o O
Relaxed SiGe



Quals sao as maiores barreiras futuras?

— Custo de producao (litografia, outros)

— Saturacao na velocidade de operacao
(propagacao de sinal e de relogio / linhas).

— Uniformidade, rendimento e confiabilidade
— Consumo de poténcia

— Efeitos de canal curto, tunelamento, resisténcias
parasitarias (S/D).

 Limite pratico?



Evolucao de Microeletronica, Regras de Escalamento e
Limites

5. Regras de Escalamento



Perguntas:

— Como reduzir (escalar) dimensoes ?

— Quais as limitacoes dos dispositivos
escalados?

— Quials os limites de escalamento?



L_eis de Escalamento

Parametro Fator de escala

Dimensoes: Kyq

L, W, t,,, X,

N dopagem Ky
Tensoes Ky




Leis de Escalamento — cont.

‘

N Y AR

ESCALA (Kg=2)




Leis de Escalamento — Tipos de Lels

Parametro = VC VQC Geral
W, L, X, 1/k 1/k 1/k 1/k,
toy 1/k 1Ak 1/k 1/K

N k k k k2K,
Y/ 1/k 1 1k 1/ k,

| o 1/k vk 1 ky/k,?
C 1/k 1/k3/2 1/k 1/k

t, 1/k 1/k? 1/k372 ky/K,2

P 1/k2 vk 1Ak &

P.t, 1/k3 1/k3/2 1/k? 1/k 2K,

P/A 1 k>/2 k32 k3/k,3




Leis de Escalamento — Procedimento Pratico

 Por simulacoes de:
— Processos (SUPREM)
— Dispositivos (PISCES)
« Ajustar os parametros para 6timo
desempenho, com analise de:
— Tensao de limiar, V+
— Efeito de canal curto (V+ x L e Vpgp)
— Perfuracao MOS (punchthrough)
— Corrente de corte, | «
— Tempo de atraso, t,
— Poténcia, P
— Corrente de porta e substrato p/ confiabilidade



Inicio

|

Fixar Vpp, Xjn, Xjps
too Ln€ Ly

Implantag&o iénica
para previnir
perfuragdo MOS

Concentragéo de
dopantes para ajuste
de V;

Verifica a
ocorréncia
Problemas de efeito
de canal
curto

l

Célculode Iy, t, e P

|

Analise de
Vpp para

confiabilidad Problemas




Limitacoes
 LimitacOes de transistores de pequenas
dimensoes:
— Efeitos de canal curto, AV: x L e AV+ X Ve
— Perfuracdo MQOS
— Resisténcias parasitarias
— Capacitancia de inversao
— Corrente de tunelamento de porta
— Reducao de mobilidade
— Injecao de portadores quentes
— Rupturas
— Efeitos de canal estreito, AV x W



Threshold voltage:

kT/q (subthreshold slope)

Vp - V; decreases

Gate

Source doping E_,;

Drain doping

Depletion layer

Well doping

isolation

High electric fields:

mobility degradation
reliability

Gate:
= tunneling
= Inversion layer

= polySi gate depletion,
activation, dopant penetration

Tunneling:
= drain to body
= source to drain

Dopant profile control:

« transient enhanced diffusion
= ion implantation

« RTA ramp rate limitation

= discrete, random dopant
placement




Polysilicon gate will
be replaced by metal

Silicon dioxide gate insulation

will be replaced by material
with higher dielectric constant

Gate insulation

Silicon substrate
will be replaced by
strained silicon

Single gate will be replaced by double gate
and basic transistor structure will change

Channel



Efeitos das limitacoes e “guias de
estrada”

« As limitacoes:
a) afetam o desempenho eléetrico dos
dispositivos
— b) determinam as condicoes limites de
operacao

c) determinam condicoes de contorno para o
projeto da estrutura fisica dos transistores e
do processo de fabricacao.



Reducao de Vp e V-
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An example of Real Scaling

Limiting
1972 2001 Ratio  factor
Gate length 6 um 0.1 um 1/60
Gate oxide 100nm  2nm 150  Gate leakage

TDDB

Junction depth 700nm  35nm 1/20 Resistance

oV IWAY)

0.8V 0.3V

0.5 MVcem™ 6 MVem'™
(Vd/tox)

(from H. lwai)



Evolucao de Microeletronica, Regras de Escalamento e
Limites

6. Limites de Escalamento e
Dispositivos pés CMOS
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approximately five volts and minimum channel lengths of approximately six muc-
rons. Therefore, the kind of scaling we have envisioned here will take us to de-
vices with approximately one-half micron channel lengths and current densities
approximately ten times what they are today. Power per unit area will remain
constant over that range. Smaller devices might be built but must be used without
lowering the voltage any further. Consequently the power per unit area will in-
crease. Finally, there appears to be a fundamental limit!® of approximately one-
quarter micron channel length, where certain physical effects such as the tunnel-
ing through the gate oxide and fluctuations in the positions of impurities in the
depletion layers begin to make the devices of smaller dimension unworkable.
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Qual e o limite Pratico para CMOS?

« 25nm (H. lwal, IEEE, JSSC, Mar. 99)

Quando? Entre 2020 e 2030 = 10%° a 10*4 tr./chip
— permite produtos nao visualizaveis hoje.
 Varios fatores apontam 10 nm de comprimento de porta
ser um limite pratico para o escalamento de CMOS.
Como fatores limitantes apontam:
« tunelamento pelo dieléetrico de porta;
 Impossibilidade de escalar a tensao de alimentacao,
devido a questdes de ruido téermico e de bandbap;
* Impactos de tolerancia e margens do numero de
atomos dopantes no dispositivo [Melliar-Smith and
Helms].
« Transistores com L de 16 e 15 nm ja foram demonstrados
[Boeuf et al e Yu et al, respectivamente, IEDM2001]
« Umaregra: L ~45.1,




Limites de Escalamento
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Limites de Escalamento

e Considerar:

_Imites ©
_Imites ©

_Imites ©

_Imites ©

_imites fundamentais

0 material
o dispositivo
0 CIrculto

0 sistema



Feature size
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100 pm Integrated Circuit

/ History

0.25um in 1997 NTRS Roadmap

Feature Size

0.1 nm
1960 1980 2000 2020 2040

(Plummer et al)



technologies and the
future .

magnetoelectronics

%

plastic electronics
MOS CMOS

optics

E
Transistor B ULSI 2 nanoelectronics
biosensors
molecular ;
nanotechnology |

MEMS

1950 1960 2000 2030



Apos Limite de Escalamento CMOS?

* Novos Conceitos de Dispositivos e Circuitos:

—a) dispositivos de blogueio Coulombiano, entre

outros dispositivos de um unico elétron;
— b) Dispositivos de tunelamento ressonantes (RTD)
— C) estruturas de nano-tubos de carbono
— d) transistor molecular

— e) dispositivos quanticos, onde se controla o estado

do eléetron de um atomo = spintronica.



Single Electron Tunneling Device - SET

(a) Coulomb Blockade (b) Single Electron Tunnelling

l!_l\
HN+1
M H1 - TN

N

source






A Carbon Nanotube

CNT is a tubular form of carbon with diameter as small as 1 nm.
Length: few nm to microns.

CNT is configurationally equivalent to a two dimensional graphene
sheet rolled into a tube.

¢ STRIP OF A GRAPHENE SHEET ROLLED INTO A TUBE

n,0) / ZIG ZAG

CNT exhibits extraordinary mechanical
properties: Young’s modulus over

1 Tera Pascal, as stiff as diamond, and tensile
strength ~ 200 GPa.

CNT can be metallic or semiconducting,
depending on chirality.




/7 CNT Properties (cont.)

s Electrical conductivity six orders of magnitude higher than
copper
» Can be metallic or semiconducting depending on chirality
- tunable’ bandgap
- electronic properties can be tailored through
application of . external magnetic field, application of
mechanical deformation. ..
* Very high current carrying capacity
» Excellent field emitter; high aspect
ratio and small tip radius of curvature
are ideal for field emission
* Can be functionalized




New Breakthrough Transistor Technology From IBM:
Carbon Nanotubes - Constructive Deconstruction

AR

“Nanotube %

1. Ropes of Nanotubes:
The scientists deposit
the ropes of metallic
and semiconducting
tubes onto a silicon
wafer.

Silicon
Silicon oxide

Nanotube rope

Electrode fabrication
using lithography

2. A mask is projected
onto the tubes and
the semiconducting
tubes are switched
off, insulating them
from electricity.




(a)

FIG. 1. (a) Schematic cross section of top gate CNFET showing the gate
and source and drain cleetrodes. {b) Ouiput characteristic of a wp gate
p-type CNFET with a Ti gate and a gate oxide thickness of 13 am. The gate
voltage values range from —0.1 to —1.1 V above the threshold voltage
which is —0.5 V. Inset: Transfer characteristic of the ONFET for ¥, =
0.6 V.

A.P.L,
20/May/2002,
p.3817.



Transistor Molecular
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Tecnologias Emergentes

Digital Ultra thin CMOS-50|
Band engineering: SiGe, strained Si...
Vertical Transistor
FinFET
Double Gate Transistor

Magnetic RAM: Spin Valve
Magnetic tunnel junction
Phase change memory (OUM)
Nano Floating Gate memory
Single electron memory
Molecular memory

Emerging Resonant Tunneling Diode FET

Devices Single electron transistor
Rapid single quantum flux
Quantum cellular automata
Nanotube devices
Molecular devices

aonm B5nm 45nm 32nm 22nm
L | [l | [l | [ ] | [ |
| I | | | | I | 1 |

2004 2007 2010 2013 2016
Technology Node Introduction Corporate Center

Caopyrighl @ Infinson Technologiss 2002, All rights reserved.




Ja e possivel manipulacao individual de
atomos. EX.: Xe sobre cristal de Ni

(espaco ente atomos ~ 1 nm)
Eigler & Schweizer, Nature 1990.




/. Conclusoes

1) Evolucao muito rapida

2) Area multidisciplinar. Importancia da formacéo
basica

3) Enorme importancia economica

4) E primordial a soma de esfor¢os. N&o ha espaco
para ilhas isoladas, dada a complexidade e

multidisciplinaridade.





