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New All-Transistor Car Radio
( Model 914HR )
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MOSFET EEL-TS
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plastic
case

Jack Kilby, 1959 — Texas Instruments — Germanio
Robert Noyce, 1960 — Fairchild Semiconductor — Silicio

Vantagens:

* Miniaturizagao;

* Reducdo de Custos;

* Confiabilidade;

* Menor consumo de energia;
* Reducdo de peso;

* Maior velocidade.
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i Numero de b
Em 1965 (1975), Gordon Moore estimou Transistores
que a quantidade de transistores 100.000.000.000
mte{grados em um mesmo chip com custo 160.000.000.000
minimo dobraria a cada 18 (24) meses.
1.000.000.000 ltantum 2 9Mbgy
ltanium 2 1,5Mb o .-=*
= 100.000.000 "'.'P'(.antium Il "'CS.P.. t'O 4
* . entium
Cramming more components
10.000.000 ~Pentium-Prg.2* Opentium Il
" L] L] o o en
onto integrated circuits otsiass_ Spentium
1.000.000 :
100.000
With unit cost falling as the number of components per
circuit rises, by 1975 economics may dictate squeezing as 10.000
many as 65,000 components on a single silicon chip
1000 14004
By Gordon E. Moore 1970 1975 1980 1985 1990 1995 2000 2005 2010
Director, Research and Development Laboratories, Fairchild Semiconductor e I _ Ano
division of Fairchild Camera and Instrument Corp. Dobrando a cada 18 meses Lei de Moore Processadores Intel
\_ /

Electronics, Volume 38, Number 8, April 19, 1965



Lei de Moore

The Revolution Begins

Invented 60 years ago, the transistor is a key
building block of today’s digital world.
Perhaps the most important invention of the
20th century, transistors are found in many
devices and are the building blocks of
computer chips. Intel, the largest manufac-
turer of computer chips, continues to innovate
to help PCs and laptops become smaller,
faster, sleeker and more energy-efficient.
Many new applications and inventions
powered by transistors have impacted all of
our lives over the past 60 years.
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Moaore's Law

In 1965, Intel co-founder Gordon Moore predicted that
the number of transistors on a chip would double about
every two years. Since then, Moore’s Law has fueled a

technology revolution as Intel has exponentially increased
the number of transistors integrated into its processors
for greater performance and energy efficiency.
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Lei de Moore

The Revolution Continues

Intel continues to deliver on the promise

of Moore's Law with the introduction

rtsrmal hord drive

of powerful multi-core nologies,
transforming the way we live, work and

play once again.
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Estrutura basica de um MOSFET

Field oxide Gate polysilicon
Gate oxide
<> /P
Gate length Lg Source Channel Drain
MOSFET Body
Drain (D) :I;f:ul.lh;c??er:ﬁn::: Drain (D)
Ip /

Compativel com processo de
fabricacdo planar utilizando técnica Gate (G)
bottom-up (de baixo para cima).

P
Gate ()

Source (5) Source (S)

MN-channel P-channel
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Circuito Inversor

nMOS pMOS

Polysilicon Al
+

canal p SiO;
142 ot o
L " n-well

V,o— t——oV, =0V o~ \

+ (estado 0) X

p-substrate

5V . MOSFET de
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MOSFETs tipo N e tipo P sao construidos na superficie de um
Q substrato de de silicio.
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Q1 - Preparagéo do wafer (bolacha) de silicio.
[ Crescimento de um lingote monocristalino de silicio.
[ Usinagem e Fatiamento do lingote para obter os wafers.
 Limpeza dos wafers.

p substrate
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Q7 - Crescimento de um filme fino de digxido de silicio (Sil,).
O Forno de oxidagao térmica com atmosfera rica em H,0 ou 0, 8 uma temperatura entre 300 e

1200 °C.

Sio,

p substrate
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3 - Espalhamento de Fotoresiste (spin coating).
O Substancia composta por um polimero organico sensivel & luz (ultravioleta).
3 As partes expostas & radiagdo luminosa podem ser dissolvidas em um solvente.

Photoresist
Si0o

2

p substrate
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4 - Fotolitografia.
[ Exposigéo do fotoresiste através de uma mascara contendo a geometria a ser transferida.
[ Dissolugéo do fotoresiste em um solvente.

Mascara para formar a geometria
da regiao do poco tipo n

|— Photoresist

Sio,

p substrate
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Q5 - Corrosao Umida.
O Corroséo do axido utilizando acido fluoridrico (HF) ou “buffer” de HF (BOE).
[ 0 6xido & atacado apenas no local exposto através da méascara.

Photoresist
SiO

2

p substrate
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L6 - Remogéo do Fotoresiste.

O Utilizagéo de substancias como tricloro-etileno (TCE), acetona (C;Hg0) e isopropanal (C;Hg0)
sequido de limpeza em “piranha”.

[ ] sio

p substrate




Etapas de Fabricacao
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7 - Formagao do pogo n.
3 Dopagem do silicio através de difuséo ou implantagéo de ions.

3 Difuséo: o wafer & colocado em um forno com atmosfera rica em arsénio (As). A alta temperatura

faz com que o As migre através do Si exposto.

3 Implantagéo |anica: o wafer & bombardeado com ions de As. A regido com dxido protege o Si,
porém, na regido exposta o As penetra no Si.

n well

Sio,
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8 - Remogdo do dxido de protegéo.
[ 0 axido de protegéo utilizado no processo de dopagem & remavido com HF ou BOE.

n well

p substrate
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119 - Deposigao de Filmes Finos.
O Uma camada fina de Sil, (alguns nanémetros) & depositada para formar o 6xido de porta (gate).

[ Deposigao por vapor quimico (CVD) de Si policristalino (~ 500 nm) para formar o contato de
porta (gate).

3 0 Si policristalino & fortemente dopado para obter alta condutividade elétrica.

Polysilicon
Thin gate oxide

7

n well

p substrate
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Q10 - Formagéo da geometria da porta.
[ Outro processo de litografia é utilizado para formar a geometria do contato de porta.

O A corroséo dos filmes finos (3i0,/3i-p) geralmente & realizada através de plasma com
tetrafluorometano/oxigénio (CF,/0,).

A L

\

S \\N

S—

Polysilicon
k\\\ ;\:“\§\ Polysilicon
Thin gate oxide
n well
p substrate
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QI - Formagéo do dxido de protegéo.

3 Oxidagéo térmica para formar o dxido de protegio que serd utilizado no processo de formagéo
dos contatos de fonte e dreno.

A

n well

p substrate
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1l - Formagéo da regido n*.
QA Litografia e corroséo do 6xido utilizando uma méscara para expor as regities n*.

Mascara para formar a geometria
da regiao n*

n+ Diffusion

n well

p substrate
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QI - Formagéo da reqido n*.

3 Dopagem das regides de fonte e dreno do nMOS e do contato do pogo n através de
difusao/implantagéo idnica.

3 Remogdo do dxido de protegio utilizado durante o processo de dopagem.

&\\\\:\\ @
n+ n+ n+
n well
p substrate
.. .
n+ n+ n+
n well
p substrate




EEL-USH

Eta p a S d e Fa b ri Ca g 5 O Escela de Engenbaria de Lorena

Q17 - Formagéo da regido p.

3 As etapas |0 e Il séo repetidas para formar as reqities p*, referentes ao contato do substrato,
fonte e dreno do pMOS.

Mascara para formar a geometria
da regiao p*

p+ Diffusion

. ‘\22
n well
p substrate
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13 - Contatos Elétricos.
O Deposigdo de um dxido de campo espesso (I um) por GVD para isolamento elétrico.

[ Litografia e corroséo do 6xido de campo para formar os acessos aos terminais de fonte, dreno,
pogo, substrato e gate.

Contact
k\\\ NN || Thick field oxide

I
n+ n+

p substrate
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14 - Metalizagéo.

3 Deposigao, litografia, corroséo e planarizagdo de um filme metalico (Al/Au/Cu) para formar os
contatos elétricos dos dispositivo.

o 7
- .
. .
- .
. .
0 77
2777 /’M 777 7727777 %___E/ 7,7, /// a7
07 0772777777 22207 Z
7000 70007 Metal
_ 7
7 i
7777777 NN 7777777272727 RN 7772777777 M@
mm Nk ANE] Thick field oxide

n+ n+

n well

p substrate
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Principais Processos
O Projeto (Design);
3 Preparagéo do Wafer;

O Limpeza;

From Sand to Silicon: the Making of a Chip

3 Spin coating;
O Fotolitografia; https://www.youtube.com/watch?v=Q5paWn7bFg4

O Oxidagao Térmica;
Q Corrosao Umida:
O Corrosdo Seca: GLOBALFOUNDRIES: Sand to Silicon

1 Deposigao de Filmes Finos; https://www.youtube.com/watch?v=UvIuuAliA50
O Difuséao;

1 Implantagéo lanica;

1 Planarizagéo;

( Testes e Encapsulapento;


https://www.youtube.com/watch?v=Q5paWn7bFg4
https://www.youtube.com/watch?v=UvluuAIiA50
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Circuito Inversor
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| | S0,
[  n+ diffusion Conjunto de Mascaras Para Litografia
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E E RNy polysilicon
Q \g metalt POGON mmmmmmmmmmmememem e e e e e e
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Secdo Transversal Difusdo p* '“. """"""""" -'“““
GND v Contatos | --=-fllt-{lt---tll---=------ - M- ----
) ////." /' J--"/// W—— /M ,%/ ,%
T LSS LT S T LS LSS 777-— 77 7777/// o
/ . /// 7
v ) [ t o Metal /Al Wfi e
I 77 7
p substrate = / //
/
substrate tap well tap



EEL-USH

P roj e t O Escela de Engenbaria de Lorena

Simulagao de Dispositivos Eletronicos

Simulagao de Simulagao de Projeto e Simulagao de

Processos Dispositivo Circuito Integrado

e Modelagem de e Caracteristicas ® Resposta em
Estruturas Elétricas, regime
e Perfis de Mecanicas, estacionario,
Dopagem, Térmicas, Opticas, transiente,
TCAD Software | Corros3o, Difus3o, Multiphysics | Corrente x Tensdo, frequéncia, ruido,
e ——— Implantagdo Software Forca x velocidade,
idnica, Deposicio Deslocamento. EDA tempos de
ATHENA e Oxidac3o COMSOL Software ‘ transicdo e atraso.
SENTAURUS | ) ANSYS - . -
MATLAB CADENCE
ALTAIR SYNOPSYS
MENTOR GRAPHICS
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Preparacao do Wafer
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Sand / Ingot

Sand

Silicon is the second most abundant
element in the earth’s crust. Common
sand has a high percentage of silicon.
Silicon - the starting material for
computer chips - is a semiconductor,
meaning that it can be readily turned
into an excellent conductor or an
insulator of electricity, by the
introduction of minor amounts of
impurities.

Melted Silicon -
scale: wafer level (~300mm / 12 inch)

In order to be used for computer chips,
silicon must be purified so there is less

than one alien atom per billion. It is pulled
from a melted state to form a solid which

is a single, continuous and unbroken

crystal lattice in the shape of a cylinder,

known as an ingot.

Copyright © 2012, Intel Corporation. All rights reserved.

Monocrystalline Silicon Ingot -
scale: wafer level (~300mm / 12 inch)

The ingot has a diameter of 300mm and
weighs about 100 kg.

Intel, Intel logo and Intel Core are trademarks of Intel Corporation in the U.S. and other countries.

Ingot / Wafer

. g

Wafer -

scale: wafer level (~300mm / 12 inch)

The wafers are polished until they have flawless,
mirror-smooth surfaces. Intel buys manufacturing-
ready wafers from its suppliers. Wafer sizes have
increased over time, resulting in decreased costs per
chip. when Intel began making chips, wafers were only
50mm in diameter. Today they are 300mm, and the
industry has a plan to advance to 450mm.

Ingot Slicing -
scale: wafer level (~300mm / 12 inch)

The ingot is cut into individual silicon discs
called wafers. Each wafer has a diameter of
300mm and is about 1 mm thick.

Copyright © 2012, Intel Corporation. All rights reserved.
Intel, Intel logo and Intel Core are trademarks of Intel Corporation in the U.S. and other countries.

https://www.youtube.com/watch?v=3TOpglniATg



https://www.youtube.com/watch?v=3TOpg1niATg

EEL-USH

I_i m p e Z a Escela de Engenharia de Lorena

Limpeza RCA
1) H,S0,/H,0, (Acido Sulfarico/Peraxido de Hidrogenia), 41, 80°C, 10 min.

Q Piranha: & utilizada para remover contaminantes organicos (gordura).

211) HF/H,0 (Acido Fluoridrico/Agua DI 8 MCD), 110, 30 s.

O Remogéo de Sill; nativo da superficie de 3i.

2 111) NH,0H/H,0,/H,0 (Hidraxido de Amania/Peraxido de Hidrogenio/Agua DI 18 MQY), 115, 70°C. 10 min.

O Remogéo de gordura e metais.

231V) HCI/H,0,/H,0 (Acido Cloridrico/Peraxido de Hidroganio/Agua DI 18 MQR), 115, 70°C, 10 min.

O Remogéo especifica de metais.

( Inicialmente a etapa || deve ser repetida até que a [amina aparente estar seca;

1 Apds cada etapa a |amina deve ser enxaguada em &gua corrente por 3 minutos e ficar mais 8 minutos dentro de um béquer com gua.
1 Ao final secar a lamina com jato de nitrogénio (N2).

( Toda a dgua utilizada deve ser DI (Deionizada) 18 MQ. Todos os produtos deve ter grau eletranico.

O Fonte: https://www.ccs.unicamp.br/cursos/teelll7/rea.html



https://www.ccs.unicamp.br/cursos/fee107/rca.html

Spin coating
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Etapas do Processo

Spinner

¢ -

Depositing the
solution

Rotational Evaporation of
spreading out solvent

Chapa quente (hot plate)

Pardmetro do Processo:

o Tempo de aplicacao (s)
o Rampa de aceleracdo (RPM/s)

o Espessura do Filme (nm) x Velocidade (RPM)

o Temperatura de cura (bake) do resiste (°C)
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AZ Photoresist Process Guideline

* Recommended spin program:

1. Dispense resist on substrate

2. Spin at 500 rpm for 5-10 seconds with acceleration of 100 rpm/s.

3. Spin at recommended speed (table above) for 40 s with acceleration of 1000 rpm/s.
4. Final step is deceleration with spin speed O rpm for 0 s, with 1000 rpm/s ramp.

5. If the lithography is for lift-off, 02 plasma ashing is required before evaporation in order to

remove HMDS.
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Mascara de Fotolitografia

Foto-alinhadoras

Pardmetros do Equipamento: Pardmetro do Processo:
o Densidade de Poténcia da Lampada (mW/cm?) o Tempo de exposicao -t (s)
o Resolugao da mascara (um)

Dose de Exposiciao (mJ/cm?)

~ Poténcia da Lampada(mW /cm?)
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AZ Photoresist Process Guideline

Tipos de Resiste e Etapas do Processo

1. Dehydrate wafer at 200 °C for at least 10 minutes (if possible)
Positive ... Negative ... Image Reversal Resist ) ] ] o
2. Spin coat HMDS with recommended spin program below. (* before spinning

Masl
Exposure . . .tc:-re. leave HMDS puddle on the substrate for 30 s)

Substrate
Baking h // ™ // \
Develop
Resist Spin Layer Prebake at F;??;;;? f;s; with
Z!::;lsure name speed* thickness 115°C Substrates® AZ-726
developer
AZ-1505 | 4000rpm 0.488um 1.5 min 12.3 1 min
Develop- NN - N - AZ-1518 | 4000rpm  1.71um 1.5 min 43-45 1 min
AZ-4562 | 6000rpm Sum 1.5 min 396 2-3 min/
_ A
Spin Coating Fotolitografia




Oxidacao Termica
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= | =— || =—]

T
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3-zone resistive heating

Horizontal oxidation furnace: wafers are vertically loaded in quartz boats

Burn
box

Ambient 02, IH 20
- [Diftusion]
|Reaclion|
Si+0; — Si0; or
Silicon Si+2H30 — SiO7 + 2H

XXX X

Oxygen
Hydrogen
Nitrogen

DCE/HCI

Pardmetro do Processo:
o Espessura do dxido (nm) x Tempo de oxidacao (min)

Umido | 1400
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g 800 el ~-1000
4 r'/ - .-
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Silicon Dioxide (SiO,)

A cor do wafer indica a espessura

. o 1.8
aproximada do oxido

1.6

-
N

-
N

—_—

relative illumination intensity

e
fo

0.6

0.4

0 100 200 300 400 500 600 700 800 900 1000
Film thickness in nanometers
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o _ _ Corrosao Isotrdpica
O Processo pelo qual um material & consumido seletivamente e de

forma controlada.

O Tipos de corroséo: Umida e Seca

O Perfis de corrosao:

Q Isotrapico: Taxa de corroséo & a mesma nas diregies horizontal e vertical.

R, =1

Q Anisotrdpico: Taxa de corroséo nas diregies horizontal e vertical séo distintas. Corros3o Anisotrépica
p 0<R,<1

[ A diferenga entre a dimenséo da geometria definida na mascara de
corroséo e a dimenséo obtida apas a corrosdo é chamada de Aas.

O A seletividade () define a relagdo entre as taxas de corroséo

vertical do material () e do resiste (7). l E E , , ’ Over-Etch
0<R, <1

Pardmetro do Processo:

Corrosao Direcional

ry(mm/s
o Taxa de corrosdo —r (nm/s) R; = u(nm/s) R, >1
~ ry(nm/s) L
o Taxa de corrosao lateral — R,
o Seletividade —s ry(nm/s)
o Bias—nm ~ re(nm/s)
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CO r rOS a O U m I d a Escela de Engenbaria de Lorena
(A Geralmente, a corrosdo dmida & um processo isotrapico. {100} Plane
.. . . o, . . ane N {100} Plane
( Em materiais cristalinos, a taxa de corroséo & menor nas diregies o 4100} Plane
cristalograficas de maior densidade. -

~— Primary Flat {110}

Corrosao de Si em KOH
(Hidroéxido de Potassio)

Densidade Atomica Silicio (Si) — FCC

iz q ,110) <
& y / P y /,, > y
010] LN
Hoojx (100) @10 o A

r111 ~ 100 X 1y

(111} > {100} > {110} 547 §
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Material Gas Etching Rate Selectivity

KOH ~ 6 — 600 nm/min
Si (a-Si) HNO3 + H20 + (anisotropic) Resist > 50:1
HF ~ 100 nm/min

. HF ~10 -1000 :
Sio2 BHF nm/min Resist

HF ~ 100 nm/min
BHF ~ 100 nm/min
H,PO, ~ 10 nm/min
H,SO, + H,0,
+H,0 ~ 10 um/min Resist
Br + CH,OH

HCI + HNO, ~ 40 nm/min
Kl + 1, +H,0 ~ 1 um/min

HCI + H20
NaOH

Resist
Sio,

Resist

~ 500 nm/min Resist
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C O r rO S a O S e C a Escela de Engenharia de Lorena
Corrosao Seca Assistida por Plasma €
\ : / RIE g
200 °
Gases v “‘_ o
| I — —
Il Bombardeamento por ions (corrosao fisica)
omba | isi —
\ R L == -
6 Shaw Heads \ / = @1353 s =
“ 2 of l'@. -
0‘, o
s "

m Reacdo Quimica (corrosao quimica)
|
R

eJ
F B
‘0“— ' 00:

RIE (corrosao quimica + corrosao fisica)




Corrosao Seca
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Escela de Engenbaria de Lorena

Corrosao Seca Assistida por Plasma

Gases v

Shaw Heads

Pardmetros do Equipamento (ICP-RIE):
o Maxima poténcia aceleracdao — RF (W)
o Maxima poténcia da bobina — ICP (W)
o Maximo fluxo de gas (sccm)

o Minima pressao de processo (mTorr)

Pardmetro do Processo:
Poténcia aceleracao — RF (W)
Poténcia da bobina — ICP (W)
Fluxo dos gases (sccm)
Pressao de processo (mTorr)
Taxa de corrosdo (nm/s)
Tempo de processo (s)

O O O O O O
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Corrosao Seca e Ei e Lo

Corrosdo Silicio (100): Corroséo Oxido:

Poténcia aceleracdo — RF: 9 W Poténcia aceleracdao — RF: 15 W
Poténcia da bobina — ICP: 850 W Poténcia da bobina — ICP: 1200 W
Fluxo dos gases: C,Fo/SF./Ar—15/25/10 sccm Fluxo dos gases: CHF; /O, —52/3 sccm
Pressdo de processo: 19 mTorr Pressao de processo: 14 mTorr

Taxa de corrosdo: 1,96 nm/s Taxa de corrosdo: 1,10 nm/s
Seletividade ZEP520A: 2 Seletividade ZEP520A: 0,3

O O O O O O
O O O O O O




Corrosao Seca @@gﬁmm@ﬂp
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Deposicao de Filmes Finos

SURFACE COATING METHODS
GASEQUS STATE SOLUTION STATE MOLTEN OR SEMI-MOLTEN STATE
(ATOMISTIC DEPOSITION) (PARTICULAR DEPOSITION) (FULL THICKNESS DEPOSITION)
| |
LASER THERMAL E‘ELL;JHG
S S : CHEMICAL SOLUTION ELECTROCHEMICAL N
CHEMICAL VAPOUR /PHYSICALVAPOUR | | 0% BEAM DEPOSITION SOLGEL | | 1o osITION SPRAYING OVERLAT)
DEPOSITION DEPOSITION ASSISTED
- ' DEPOSITION
ELECTROLESS
I CHEMICAL , CHEMICAL _
PLASMA VARIANTS REDUCTION DEPOSITION CONVERSION PLASMA VARIANTS




Deposicao de Filmes Finos

EEL-USH

Escela de Engenbaria de Lorena

PHYSICAL VAPOUR DEPOSITON

EVAPORATION
(VACUUM OR THERMAL)

ARC VAPOR DEPOSITION

ION PLATING

SPUTTERING
(RF, DC AND MAGNETRON)
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Deposicao de Filmes Finos

| Chemical Vapour Deposition (CVD)

Chemical Vapor Infiltration

Vapor Phase Epitaxy

Metal - Organic I_I Metal — Organic :

Hot Filament A

Laser Assisted

Mais comum em micro/nanofabricacdo

Electron Assisted




Deposicao de Filmes Finos

Sputtering Reativo

Leak valve

Inert Reactive
Shutter gas Pressure gauge ( -

§ &

§ i
Sputtered atom } N\ !" = | T i
Substrate ] 'fl. =
Plasma |~ heater ' . e
Sputter source [ ® | ‘
Substrate i = ‘ ‘
oias _y . ‘ |
\\\“& Substrate = ~ NItFEtO de T|tan|0 (TlN)
holder j
Cryopump for H0 ‘"‘““\O \ Substrate f
O ]

f_,_f}‘b“ NN \ Vacuum
Throttle — [ — chamber

High vacuum pump ——+——
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DepOSigéO de Filmes FinOS Escela de Engenharia de Lorena

Deposicao por Vapor
Quimico em Baixa Pressao

Deposig¢do por Vapor Quimico Si Policristalino (LPCVD)
Assistido por Plasma (PECVD) | -

(LPCVD)
Exhaust
Scrubber | @
Furnace - With Resistance Heaters S:vnngllp : ; RF power
% aters P Y
(585555588058 o /Tmp [ (1. :.ol M)
B V7% =l ]
AL % 74
R, B0 2z,
S% W i i
SH, -—s—s— e —
g a—% plasma —7 ]
Gas Control Substrate R S|02 (PECVD)
and Sequencer | L_‘ " Heater l—]
} =
Pumping Out ==
o Alta temperatura. o Baixa temperatura.
o Taxa de reagao definida pela o Taxa de reagao pela poténcia
temperatura. do plasma e fluxos dos gases. asmermy
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Difusao x Implantacao |Onica
Diffusion Ton Implantation
*High temperature, hard mask (Si0,) *Low temperature, PR mask
+[sotropic dopant profile + Anisotropic dopant profile
+Cannot independently control the +Can independently control the
dopant concentration, junction depth dopant concentration, junction depth
Doped region Doped region

Si0, l SI10,
i 1<'|
i : Junction
depth
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