Etapas de Processo para Fabricação de Circuitos Integrados

Esta apostila está baseada no material de [Fo07]. Foram acrescentados novos parágrafos, normalmente em português, onde se achou necessário enriquecer o conteúdo.

São Carlos, março de 2011.
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1. Introdução
1.1 História da Tecnologia MOS XE "tecnologias MOS" 
Os princípios por trás dos transistores de efeito-campo (FET – Field Effect Transistor) XE "MOS"  foram primeiramente propostos em 1925 por J.Lilienfeld, professor de física da Universidade de Leipzig [Sa88]. Utilizando apenas as leis de eletrostática (a física quântica estava em sua infância), Lilienfeld imaginou que se poderia construir um dispositivo onde a condutividade fosse modulável ([Sa88]). Em 1935 o alemão O.Heil fez, na Inglaterra, o pedido de patente para uma estrutura similar aos transistores Metal Oxide Silicon (MOS XE "MOS" ) modernos ([We93], [Ra96], [Sa88]); nele, a descrição da operação do transistor já faz uso de conceitos de elétrons e lacunas derivados da teoria dos semicondutores ([Sa88]). Não obstante as previsões teóricas mostrando que deveria haver modulação de condutividade, os transistores construídos fracassavam em apresentar amplificações de corrente, o que intrigava a comunidade. 
Para explicar o não funcionamento prático dos transistores, Bardeen propõe que estados de superfície sejam os responsáveis pelos problemas, bloqueando o campo elétrico e impedindo a formação e modulação do canal nos transistores. Ele, Brattain e Schockley
, tentado contornar esta dificuldade dos transistores de efeito-campo, acabam por inventar um novo dispositivo, o transistor bipolar, no Bell Telephone Laboratories em 1948 ([Me98], [Rs98]). No início estes pesquisadores não entenderam bem o que estava ocorrendo, mas, após alguns meses de intensos estudos, explicaram os fenômenos que ocorrem no transistor bipolar. Isto ajudou a compreensão da física básica por trás do transistor [Sa88] (Figure 1). 
A invenção do transistor bipolar fez com que os transistores de efeito campo fossem relegados a segundo plano, quase esquecidos. No fim da década de 50, surgem várias importantes contribuições tanto para o desenvolvimento da microeletrônica como para a volta dos transistores de efeito-campo: 

· em 1959, J. Hoerni, da Fairchild, inventa o processo planar para fabricação de transistores; 

· em 1959, Atalla e Kahng, da Bell Labs., fabricam e conseguem a operação de um transistor MOS [Me98]. Nesta época ele é tido como apenas uma curiosidade pois sua performance é bastante inferior aos bipolares;

· em 1958, J. Kilby
, da Texas Instruments, desenvolve o primeiro circuito integrado XE "circuito integrado"  (C.I.); este é aperfeiçoado com os trabalhos de Noyce
, da Fairchild, 1959, que usa o processo planar e alumínio evaporado para as interconexões [Me98] (Figure 2). 
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Figure 1. Bardeen, Brattain e Schockley (Bell Telephone Laboratories) a), e o primeiro transistor bipolar, b). 
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Figure 2. Circuito integrado de Kilby, construído em germânio. Está implementado um simples oscilador com 5 componentes integrados: um transistor, três resistores e um capacitor. Foto do circuito e diagrama esquemático.
Observemos que a fabricação dos primeiros C.I.s marca uma importante transição na concepção da aplicação dos transistores; eles deixam de ser encarados como meros substitutos de válvulas para serem vistos como dispositivos que possibilitam o desenvolvimento de circuitos muito mais complexos do que até então eram possíveis. Estando resolvidos os principais problemas na compreensão e na fabricação dos transistores, a indústria da microeletrônica começa a ser estabelecida.
Devido à sua estrutura mais simples, adequada para os circuitos integrados complexos, o transistor MOS passa a ser encarado como um dispositivo viável na década de 60. Em 1964, Fairchild e RCA introduzem no mercado os primeiros transistores MOS [Sa88]. Problemas com estados de interface e impurezas mantém, no entanto, restrito o uso do MOS até o fim da década. Entre 1964 e 1969 desenvolveram-se técnicas para redução dos estados de interface, identifica-se o sódio como a principal impureza no MOS e apresentam-se soluções para evitar problemas com este elemento. A confiabilidade do transistor MOS, em vista disso, melhora e aumenta consideravelmente a gama de suas aplicações comerciais.
 Embora o conceito de Complementary Metal Oxide Silicon (CMOS, tecnologia MOS onde são utilizados transistores com canal tanto N e como P XE "CMOS" ) já houvesse sido introduzido por Weimer, RCA, em 1962 e por Wanlass, Fairchild, em 1963, nos primeiros anos a tecnologia MOS é dominada pelo PMOS XE "PMOS"  (MOS onde só há transistores canal P), mais robusta aos problemas com impurezas. Em 1970 a primeira memória em semicondutor com produção em massa é anunciada pela Intel: DRAM (Dynamic Random Access Memory) de 1-Kbit na tecnologia PMOS e com três transistores por bit. Em 1971, a Intel lança o 4004, considerado o primeiro microprocessador. Este circuito, feito ainda em PMOS, foi projetado para ser usado em calculadoras. Por volta de 1971, superados os problemas com impurezas e estados de superfície, emergem as primeiras tecnologias NMOS XE "NMOS"  (MOS onde só há transistores canal N) que permitem maiores velocidades e, ao mesmo tempo, maior nível de integração. Como conseqüência, surgem memórias maiores (DRAM de 4-Kbit começam a ser produzidos em 1972) ([Bo98]).

O domínio das tecnologias NMOS se inicia e se estende até fim da década de 70. Com o aumento das densidades e velocidades dos circuitos começam a haver problemas com o consumo de potência, o que dá oportunidade as tecnologias CMOS. Esta tecnologia, não obstante apresentar mais etapas na fase de fabricação e, portanto, exigir mais máscaras e maior custo, tem algumas características importantes que a fizeram ser a tecnologia dominante para o projeto de circuitos integrados. Nos últimos anos, a base de cerca de 98% da produção de circuitos semicondutores (tanto por número de componentes como por valor) é o silício, sendo que mais de 75% destes circuitos são produzidos com tecnologias CMOS ([Br98], [Se06]). Isso não deve ser alterado significativamente nos próximos anos, continuando a ser o silício e a tecnologia CMOS os mais importantes dentro da indústria de microeletrônica. 
O silício, apesar de ser um entre outros doze elemento semicondutor da tabela periódica, vários dos quais com propriedades eletrônicas superiores, tem predominado devido a duas principais características: sua estabilidade e seu óxido (SiO2) [Ba90]. Devido a intensidade das ligações entre átomos de silício, cristais de silício suportam altas temperaturas sem alterações químicas. O óxido de silício é facilmente criado, através de diversos procedimentos como veremos, e é um excelente isolante. O óxido de silício é usado como:

- dielétricos em dispositivos como transistores e capacitores;

- isolantes elétricos entre camadas dos circuitos;

- filmes protetores (passivantes)

- máscaras para definição de áreas de difusão, implantação, etc.  
A Figure 3 aponta os principais marcos para o desenvolvimento das tecnologias MOS. As principais vantagens encontradas na tecnologia CMOS são:

- facilidade no projeto de circuitos digitais;

- consumo reduzido de potência;

- maior nível de integração;

- menor custo (isto é devido ao ser largo uso e não uma vantagem intrínseca da tecnologia).
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Figure 3. Principais marcos no desenvolvimento dos circuitos MOS.
A Tabela 1 apresenta características dos principais processadores da Intel. Por estes dados podemos ver como foi evolução das tecnologias MOS ao longo dos últimos 30 anos. Os pontos principais para observar são:

- a fabricação era feita inicialmente com a tecnologia PMOS; posteriormente, com os avanços na fabricação, se utilizou a tecnologia NMOS e por fim, a CMOS;

- durante alguns anos, de 1993 a 1995, se apostou em tecnologias BiCMOS (tecnologias CMOS onde são acrescentadas algumas etapas de fabricação para permitir a implementação de transistores bipolares), mas logo foram abandonadas. Tecnologias BiCMOS tem a vantagem de fornecer o transistores bipolares, mais adequados para aplicações onde se exige velocidade, mas seu custo é cerca de 30% maior
- o número de transistores veio continuamente crescendo, iniciando com 2300 transistores e terminando com 55 milhões. 

- as dimensões mínimas vieram continuamente decrescendo, iniciando em 10m e terminando em 0.13m
- a tensão de alimentação dos circuitos é reduzida continuamente.
1.2 Tendências 
Encontramos na indústria de microeletrônica certas tendências históricas de avanços. Uma delas é a redução do preço por função entre 25% a 30% por ano [Se06]. Outra, conhecida como lei de Moore, é a duplicação da complexidade de integração a cada 18 meses ([Mo65], [Ra96], [Sh98]). A Figure 4, que apresenta o número de transistores dos microprocessadores da Intel em função do ano do seu lançamento, confirma haver tendências para a evolução (a reta traçada indica que a cada dois anos o número de transistores é dobrado).
 A Figure 5, por outro lado, mostra o valor SPECint 2000 dos microprocessadores da Intel em função do ano do seu lançamento. O SPEC (System Performance Evaluation Cooperative - www.spec.org) é um organismo criado em 1989 por um grupo de companhias (HP, DEC, MIPS, SUN) com o objetivo de melhorar a avaliação e o relato de desempenho de computadores. Para tal fim estabeleceram um conjunto de programas e processos de avaliação. As características do SPEC, que servem para entender melhor como devem ser entendidas tais avaliações, são:
- O resultado de um processador/computador é a média geométrica dos tempos de execução dos programas que compõe o SPEC;
- 
foram desenvolvidas quatro versões do SPEC, de 1989, 1992, 1995, 2000 e de 2006. Para cada nova versão alguns programas são abandonados e outros são introduzidos. Os programas abandonados são aqueles que se mostraram fáceis de serem otimizados por meio de truques de compilação, resultando em redução artificial no tempo de execução;

- 
há realmente dois SPECs para CPU: um para avaliação das operações com inteiros com 12 programas, SPECint, e outro para avaliação das operações com ponto flutuante com 14 programas. 
 XE "tecnologias MOS" 
Tabela 1. Processadores produzidos pela Intel e suas características básicas [Bo98].
	
	início
	freqüências do clock (MHz) usadas
	bus width
	número de transistores (tecnologia)
	Alimentação

(V)
	SPECint 2000



	4004
	nov./71
	0,108
	4
	2300

(PMOS 10(m)
	5
	0,01

	8008
	abr./72
	0,2
	8
	3500

(PMOS 10(m)
	5
	0,01

	8080
	abr./74
	2
	8
	6000

(PMOS 6(m)
	5
	0,06

	8086
	jun./78
	5; 8; 10
	16
	29000

(NMOS 3(m)
	5
	0,12; 0,13; 0,15

	8088
	jun./79
	5; 8
	8
	29000

(CMOS 3(m)
	5
	0,15

	80286
	jan./82
	6; 10; 12
	16
	134000

(CMOS 1,5(m)
	5
	0,18; 0,29; 0,52

	386 DX
	out./85
	16; 20; 25; 33
	32
	275000

(CMOS 1,5(m; 1m)
	5
	1,07; 1,27; 1,65

	386 SX
	jun./88
	16; 20; 25; 33
	16
	275000

(CMOS 1(m)
	5
	-

	486 DX
	abr./89
	25; 33; 50
	32
	1,2 milhões

(CMOS 1(m; 0,8(m)
	5
	4,41; 4,88; 8,77

	486 DX4
	mar./94
	100
	32
	1,6 milhões

(BiCMOS 0,6(m)
	3.3
	14,34

	486 SX
	abr./91
	16; 20; 25; 33
	32
	1,185 milhões 

(CMOS 1(m)
	5
	-

	Pentium
	mar./93
	 66; 100; 120; 133; 166; 200
	32
	3,2 milhões 

(BiCMOS 0,8(m; 0,6(m; 0,35(m )
	5; 3,3
	20,46; 35; 39; 43; 51; 61

	Pentium MMX
	jan./97
	200; 233
	32
	4,5 milhões 

(BiCMOS 0,35(m )
	3,3
	68, 76

	Pentium Pro
	nov./95
	200
	32
	5,5 milhões 

(BiCMOS 0,35(m)
	3,3
	93

	Pentium II
	maio/97
	300; 333
	32
	7,5 milhões 

(CMOS 0,35(m e 0,25(m)
	2,8; 2,0
	128; 138

	Pentium III
	fev./99
	500; 733; 1000
	32
	9,5 e 28 milhões 

(CMOS 0,25(m e 0,18(m)
	2; 1,65; 1,7
	220; 335; 442

	Pentium IV (Willamette)
	nov./00
	1500; 2000
	32
	42 milhões 

(CMOS 0,18(m)
	1,7
	536; 656

	Pentium IV (Northwood)
	jan./02
	2200; 2533; 3000
	32
	55 milhões 

(CMOS 0,13(m)
	1,5
	811; 882; 1107


Também vemos na Figure 5 que há tendências para a evolução do desempenho (a reta traçada indica que a cada 22 meses o SPECint é dobrado).
Podemos, adicionalmente, comparar estes resultados com aqueles de um processador Intel mais avançado, o Pentium Extreme Edition 965 (dual core). Este processador trabalha com clock de 3,73 GHz e 1,2 V, tem em torno de 376 milhões de transistores numa tecnologia CMOS de 65 nm. Sua performance, avaliada pelo SPECint 2000, é de 1870 e seu consumo, em plena operação, atinge a 130 W.
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Figure 4. Número de transistores em função do ano de lançamento para os principais microprocessadores da Intel.
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Figure 5. Desempenho avaliado pelo SPECint 200 em função do ano de lançamento para os principais microprocessadores da Intel.
A partir dessas tendências, as características das próximas gerações tecnológicas CMOS podem ser extrapoladas. Um trabalho nessa direção é desenvolvido no National Technology Roadmap for Semiconductors XE "National Technology Roadmap for Semiconductors"  (NTRS) produzido pelo Semiconductors Industry Association. Há versões deste documento feitas em 1992, 1994, 1997, 1999, 2001, etc. A Tabela 2 apresenta algumas das características das próximas gerações CMOS como apontado no NTRS de 2006 ([Se06]).
Tabela 2. Características das gerações tecnológicas apresentadas no NTRS/06 ([Se06], [Br98]).
	Ano do início de produção
	2006
	2008
	2010
	2012
	2014
	2016
	2018

	linhas densas (DRAM half pitch) (nm)*
	70
	57
	45
	36
	28
	22
	18

	linhas isoladas (gates lenght de microprocessador) (nm)*
	48
	38
	30
	24
	19
	15
	12

	Memória DRAM: Gbits/cm2♦
	1,54
	2,91
	4,62
	7,33
	11,63
	18,46
	29,3

	DRAM: área do chip (mm2)♦
	139
	74
	93
	117
	74
	93 
	117

	Microprocessador: num. transistores na introdução# 
	2212M
	2212M
	4424M
	8848M
	8848M
	17696M
	35391M

	Microprocessador: área do chip na introdução (mm2)# 
	781
	492
	620
	791
	492
	620
	781

	Microprocessador: num. transistores# ♦
	553M
	1106M
	2212M
	2212M
	4424M
	4424M
	8848M

	Microprocessador: área do chip (mm2)# ♦
	195
	246
	310
	195
	246
	310
	195

	chip to packge Pads#
	3800
	4400
	4851
	5348
	5896
	6501
	7167

	 freqüência on-chip-local
 (GHz)# (
	6,8
	10,9
	15,1
	20,1
	28,3
	39,7
	53,2

	 freqüência chip to board 
(MHz)#
	3,9
	6,1
	9,5
	14,1
	23,3
	34,9
	50,3

	níveis de metal 
	11
	12
	12
	12
	13
	13
	14

	Número de máscaras (microprocessadores)
	33
	35
	35
	35
	37
	39
	39

	VDD (V)#
	1,1
	1,0
	1,0
	0,9
	0,9
	0,8
	0,7

	dissipação de potência (W)#
	180
	198
	198
	198
	198
	198
	198

	dissipação de potência (equipamentos c/ bateria) (W)
	2,8
	3,0
	3,0
	3,0
	3,0
	3,0
	3,0


*
o NTRS divide as tecnologias de fabricação em duas classes: aquelas usadas para fabricação de DRAMs e aquelas usadas em circuitos lógicos. Para as primeiras, é usado o half pitch do primeiro nível de interconexão, linhas mais densas, como característica mais representativa da geração tecnológica. No caso das tecnologias usadas para lógica, é usado o comprimento do canal (L);

♦
Estes dados são para produtos já em linha e não sendo introduzidos;

# 
dados para circuitos de alto desempenho (circuitos projetados para alcançar máxima velocidade);

(
duas classes de clocks são discriminadas no NTRS: o clock global, que deve ser distribuído por todo o C.I., e o clock local, gerado a partir do global e que será usado em porções menores. O clock local tem valor maior do que o global.
Algumas informações interessantes que podemos tirar da tabela são:

- as dimensões mínimas de fabricação devem prosseguir diminuindo;
- o número de transistores nos circuitos mais avançados deve continuar a aumentar;

- as dimensões totais dos circuitos devem estacionar;

- a velocidade dos circuitos deve aumentar bastante;

- a tensão de alimentação deve reduzir lentamente;

- a potência máxima dissipada não deve aumentar;

- o número de níveis de metal e de máscaras deve aumentar lentamente.

É importante observar que por diversas vezes os relatórios do NTRS apresentaram previsões que ficaram aquém do progresso real verificado na indústria ([Br98]). Uma razão para isso é o fato de que as previsões aí feitas acabam servindo de meta básica para a industria de microeletrônica.
Neste trabalho apresentaremos as etapas da construção de circuitos integrados; os capítulos seguintes tratam da obtenção do silício cristalino, da litografia, da corrosão, da oxidação, do CVD, dos processos físicos de formação e, por fim, da planarização mecânica química.
Tabela Periódica

	Grupo #
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18

	Período
	

	1
	1
H
	
	2
He
	

	2
	3
Li
	4
Be
	
	5
B
	6
C
	7
N
	8
O
	9
F
	10
Ne
	

	3
	11
Na
	12
Mg
	
	13
Al
	14
Si
	15
P
	16
S
	17
Cl
	18
Ar
	

	4
	19
K
	20
Ca
	21
Sc
	22
Ti
	23
V
	24
Cr
	25
Mn
	26
Fe
	27
Co
	28
Ni
	29
Cu
	30
Zn
	31
Ga
	32
Ge
	33
As
	34
Se
	35
Br
	36
Kr
	

	5
	37
Rb
	38
Sr
	39
Y
	40
Zr
	41
Nb
	42
Mo
	43
Tc
	44
Ru
	45
Rh
	46
Pd
	47
Ag
	48
Cd
	49
In
	50
Sn
	51
Sb
	52
Te
	53
I
	54
Xe
	

	6
	55
Cs
	56
Ba
	*
	72
Hf
	73
Ta
	74
W
	75
Re
	76
Os
	77
Ir
	78
Pt
	79
Au
	80
Hg
	81
Tl
	82
Pb
	83
Bi
	84
Po
	85
At
	86
Rn
	

	7
	87
Fr
	88
Ra
	**
	104
Rf
	105
Db
	106
Sg
	107
Bh
	108
Hs
	109
Mt
	110
Ds
	111
Rg
	112
Cn
	113
Uut
	114
Uuq
	115
Uup
	116
Uuh
	(117)
(Uus)
	118
Uuo
	

	

	* Lantanídios
	57
La
	58
Ce
	59
Pr
	60
Nd
	61
Pm
	62
Sm
	63
Eu
	64
Gd
	65
Tb
	66
Dy
	67
Ho
	68
Er
	69
Tm
	70
Yb
	71
Lu
	
	
	

	** Actinídios
	89
Ac
	90
Th
	91
Pa
	92
U
	93
Np
	94
Pu
	95
Am
	96
Cm
	97
Bk
	98
Cf
	99
Es
	100
Fm
	101
Md
	102
No
	103
Lr
	
	
	

	Grupo #
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18

	Período
	

	1
	1
H
	
	2
He
	

	2
	3
Li
	4
Be
	
	5
B
	6
C
	7
N
	8
O
	9
F
	10
Ne
	

	3
	11
Na
	12
Mg
	
	13
Al
	14
Si
	15
P
	16
S
	17
Cl
	18
Ar
	

	4
	19
K
	20
Ca
	21
Sc
	22
Ti
	23
V
	24
Cr
	25
Mn
	26
Fe
	27
Co
	28
Ni
	29
Cu
	30
Zn
	31
Ga
	32
Ge
	33
As
	34
Se
	35
Br
	36
Kr
	

	5
	37
Rb
	38
Sr
	39
Y
	40
Zr
	41
Nb
	42
Mo
	43
Tc
	44
Ru
	45
Rh
	46
Pd
	47
Ag
	48
Cd
	49
In
	50
Sn
	51
Sb
	52
Te
	53
I
	54
Xe
	

	6
	55
Cs
	56
Ba
	*
	72
Hf
	73
Ta
	74
W
	75
Re
	76
Os
	77
Ir
	78
Pt
	79
Au
	80
Hg
	81
Tl
	82
Pb
	83
Bi
	84
Po
	85
At
	86
Rn
	

	7
	87
Fr
	88
Ra
	**
	104
Rf
	105
Db
	106
Sg
	107
Bh
	108
Hs
	109
Mt
	110
Ds
	111
Rg
	112
Cn
	113
Uut
	114
Uuq
	115
Uup
	116
Uuh
	(117)
(Uus)
	118
Uuo
	

	

	* Lantanídios
	57
La
	58
Ce
	59
Pr
	60
Nd
	61
Pm
	62
Sm
	63
Eu
	64
Gd
	65
Tb
	66
Dy
	67
Ho
	68
Er
	69
Tm
	70
Yb
	71
Lu
	
	
	

	** Actinídios
	89
Ac
	90
Th
	91
Pa
	92
U
	93
Np
	94
Pu
	95
Am
	96
Cm
	97
Bk
	98
Cf
	99
Es
	100
Fm
	101
Md
	102
No
	103
Lr
	
	
	


	Séries químicas da tabela periódica

	Metais alcalinos2
	Metais alcalinoterrosos2
	Metais de transição2
	Lantanídios1, 2
	Actinídios1, 2
	Metais representativos
	Semimetais
	Não metais
	Halogênios3
	Gases nobres3


1  Actinídios e lantanídios são conhecidos coletivamente como “metais terrosos raros”.
2  Metais alcalinos, metais alcalinoterrosos, metais de transição, actinídios e lantanídios são conhecidos coletivamente como “metais”.
3
Halogênios e gases nobres também são não metais.
2. Silicon (seção 6.1 de [Fo07])
2.1 Producing Semiconductor-Grade Silicon (seção 6.1.1 de [Fo07])
2.1.1 
Introductory Remarks

It is written somewhere that in the beginning God created heaven and the earth. It is not written from what. We do not know for sure what the heaven is made of but we do know what the earth is made of, at least as far as the upper crust is concerned. Interestingly enough, He created mostly Silicon and Oxygen with some dirt (in the form of the other 90 elements) thrown in for added value. Indeed, the outer crust of this planet (lets say the first 100 km or so) consists of all kinds of silicates - Si + O + something else - so there is no lack of Si as a raw material. Si, in fact, accounts for about 26% of the crust, while O weighs in at about 49%.

However, it took a while to discover the element Si. Berzellius came up with some form of it in 1824 (probably amorphous), but it was Deville in 1854 who first obtained regular crystalline Si. The difficult to isolate Si is simply due to the very high chemical reactivity of Si. Pure Si (not protected by a thin layer of very stable SiO2 as all Si crystals and wafers are) will react with anything, and that creates one of the problems in making it and keeping it clean. Liquid Si indeed does react with all substances known to man - it is a universal solvent. This makes crystal growth from liquid Si somewhat tricky, because how will you contain your liquid Si? Fortunately, some materials - especially SiO2 - dissolve only very slowly, so if you do not take too long in growing a crystal, they will do as a vessel for the liquid Si (but there will always be some dissolved SiO2 and therefore oxygen in your liquid Si, and that makes it hard to produce Si crystals with very low oxygen concentrations).

What we need, of course, are Si crystals - in the form of wafers - with extreme degrees of perfection; what we have are inexhaustible resources of Silicondioxide, SiO2, fairly clean, if obtained from the right source. Since there is no other material with properties so precisely matched to the needs of the semiconductor industry, and therefore of the utmost importance for our modern society, the production process of Si wafers shall be covered in a cursory way.
2.1.2 
Producing "Raw" Silicon

Fortunately, the steel industry needs Si too, and Si was already used as a crucial alloying component of steel before it started its career as the paradigmatic material of our times. In fact, most of the world production of raw Si still goes to the steel industry, and only a small part of it is diverted for the semiconductor trade. This is why raw Si is commonly called "metallurgical grade" Si or MG-Si for short.

How is MG-Si (meaning poly crystalline material with a purity of about 99%) made? More or less like most of the other metals: reduce the oxide of the material in a furnace by providing some reducing agent and sufficient energy to achieve the necessary high temperatures. Like for most metals, the reducing agent is carbon (in the form of coal or coke (= very clean coal)). The necessary energy is supplied electrically.

Essentially, you have a huge furnace (lined with C which will turn into very hard and inert SiC anyway) with three big graphite electrodes inside (carrying a few 10.000 A of current) that is continuously filled with SiO2 (= quartz sand) and carbon (= coal) in the right weight relation plus a few added secret ingredients to avoid producing SiC. This looks like Figure 6.
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Figure 6. Furnace to reduce Si.

The chemical reaction that you want to take place at about 2000 oC is

 

SiO2 + 2C    Si + 2CO 

But there are plenty of other reactions that may occur simultaneously, e.g. Si + C  SiC. This will not only reduce your yield of Si, but clog up your furnace because SiC is not liquid at the reaction temperature and extremely hard - your reactor ends up as a piece of junk if you make SiC.
Still, we do not have to worry about MG-Si, a little bit of what is made for the steel industry will suffice for all of Si electronics applications. Now what we have to do is to purify the MG-Si - about 109 fold (o cristal de silício apresenta 5.0x1022 atm/cm3; dopagens em dispositivo podem ter valores da ordem de 1015 dopantes/cm3, ou seja uma impureza a cada 5.0x107 atm. de Si)!
This is essentially done in three steps:

1. First, Si is converted to SiHCl3 in a "fluid bed" reactor via the reaction 

Si + 3 HCl    SiHCl3 + H2
This reaction (helped by a catalyst) takes place at around 300 oC. The resulting Trichlorosilane is already much purer than the raw Si; it is a liquid with a boiling point of 31.8 oC (Figure 7);
2. Second, the SiHCl3 is distilled (like pinga), resulting in extremely pure Trichlorosilane;

3. Third, a high-purity poly-Si (not to be confused with the poly-Si layers on chips) is produced by a "Chemical Vapor Deposition" (CVD) process, to use its modern name (which we will encounter more often in the following chapters).

2.1.3 
Producing Doped Poly-Silicon

Doped poly-Si used for the growth of single Si crystals is made in a simple way which we will discuss by looking at a poly-Si CVD reactor (Figure 8). In principle, we have a vessel which can be evacuated and that contains a "U" shaped arrangement of slim Si. The rods are heated by an outside heating source and, as soon as the temperature is high enough (roughly 1000 oC) to provide sufficient conductivity, by passing an electrical current through it. After the vessel has been evacuated, and the Si rods are at the reaction temperature, an optimized mix of SiHCl3 (Trichlorosilane), H2, and doping gases like AsH3 or PH3 are admitted into the reactor. In order to keep the pressure constant (at a typical value of some mbar), the reaction products (and unreacted gases) are pumped out at a suitable place.
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Figure 7. Sistema para produção e purificação de triclorosilana a partir do MG-Si [Ba90].
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Figure 8. Poly-Si CVD reactor.
On hot surfaces - if everything is right this will only be the Si rod - a chemical reaction takes place, reducing the SiHCl3 to Si and forming HCl (hydrochloric acid) as a new compound: 

SiHCl3 + H2    Si + 3 HCl

 Similar reactions provide very small but precisely measured amounts of As, P or B that will be incorporated into the growing polysilicon.
The Si formed will adhere to the Si already present and the thin rods will grow as fresh Si is produced. The incorporation of the dopants will produce doped polysilicon. 

In principle this is a simple process, like all CVD processes - but not in reality. Consider the complications:

· You have to keep the Si ultrapure: all materials (including the gases) must be specially selected;
· The chemistry is extremely dangerous: AsH3 and PH3 are among the most poisonous substances known to mankind (PH3 was actually used as a toxic gas in World War II with disastrous effects); H2 and SiHCl3 are easily combustible if not outright explosive; and HCl (in gaseous form) is even more dangerous than the liquid acid and extremely corrosive. Handling these chemicals, including the safe and environmentally sound disposal, is neither easy nor cheap;
· Precise control is not easy either. While the flux of H2 may be in the 100 liter/min range, the dopant gases only require ml/min. All flow values must be precisely controlled and, moreover, the mix must be homogeneous at the Si where the reaction takes place;
· The process is slow (about 1 kg/hr) and therefore expensive. You want to make sure that your hyperpure (and therefore expensive) gases are completely consumed in the reaction and not wasted in the exhaust, but you also want high throughput and good homogeneity. These are essentially conflicting requirements. There is a large amount of optimization required!
· And from somewhere you need the slim rods - already with the right doping (Figure 9). A Si rod is used as the deposition support to avoid contaminations. 
Still, it works and about 10.000 tons of poly-Si are produced at present (2000) with this technology, which was pioneered by Siemens AG in the sixties. It is not cheap, however, and has no potential to become very cheap either. While the price is not extremely important for the microelectronics industry (where the added value of the chip by far surpasses the costs of the Si), it prevents other Si products, especially cheap solar cells (in connection with all the other expensive processes before and after the poly-Si process). Starting with the first oil crisis in 1976, many projects in the USA and Europe tried to come up with a cheaper source of high purity poly-Si, so far without much success.
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Figure 9. Silicon rod.
Here there are the specifications for poly-silicon from one of the world largest suppliers, Wacker Siltronic, as they appear in the Internet in Nov. 2000.
Tabela 3. Specifications for poly-silicon.
Notice: The "w" or "a" behind the concentration denotes weigth or atomic parts per m = million, b = billion, t = trillion.
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More production information is given below:
· According to "Solid State Technology" July 2005, the production numbers are as follows: 
· Total production 2005: 26.000.000 kg; about 2/3 for microelectronics, 1/3 for photovoltaics;
· Expected production 2006: 29.000.000 kg.

· Expected shortfalls:
· 2005: 4.000.000 kg; 
· 2006: 6.000.000 kg;
· 2007: 12.000.000 kg;
· 2008: 20.000 000 kg.
2.2 Silicon Crystal Growth and Wafer Production (seção 6.1.2 de [Fo07])
2.2.1 
Single Crystal Growth

We now have hyperpure poly-Si, already doped to the desired level, and the next step must be to convert it to a single crystal. There are essentially two methods for crystal growth used in this case: 
· Float zone or FZ crystals.

· Czochralski or crucible grown crystals (CZ crystals)
Float Zone Crystal Growth

The first method produces crystals with the highest purity, but it is not easily used at large diameters: 150 mm crystals are already quite difficult to make and nobody so far has made a 300 mm crystal with this method (laminas maiores dão, a princípio rendimento maior. Hoje já se utilizam laminas de 300 mm na industria). Float zone crystal growth, while the main method at the beginning of the Si age, is now only used for some specialties. 
The basic idea in float zone (FZ) crystal growth is to move a liquid zone through a poly-Si material bar (Figure 10). The liquid zone is produce by radio-frequency heating and it goes from one extremity, which has a proper crystal seed, to the other. The crystal structure, equal to the seed structure, will be formed through the liquid zone and, at the end of the process, a single crystal may result. The method was first used for purification (zone melting), taking advantage of the small segregation coefficients of many impurities. The impurities contained in the feed material would then prefer to remain in the melt and thus could be swept to the end of the feed stock. If properly done, the newly crystallizing material could be obtained as a single crystal. It was the Siemens AG that pioneered the use of FZ crystal growth for the production of high-quality Si single crystals. 

Since the melt never comes into contact with anything but vacuum (or inert gases), there is no incorporation of impurities that the melt picks up by dissolving the crucible material as in the CZ crystal growth method. This is especially true for oxygen, which can not be avoided in CZ crystal growth. FZ crystals therefore are always used when very low oxygen concentrations are important. 

The problem of FZ crystal growth is clear, however, if one looks at the drawing: how do we keep the liquid Si from just collapsing? If it would only be held in place by surface tension, the maximum diameter of crystals possible in this way would be about 20 mm - not very useful. There are, fortunately, other stabilizing mechanisms, and drawing the liquid zone through a "hole" - as indicated - also helps. Still, for large diameter crystals the difficulties grow rapidly and FZ crystal growth is rarely (if at all) used for diameters larger than 150 mm.


[image: image12.png]Float-zone pulling_

P

feed rod holder

feed rod
Tpoly silicon)

melting interface

@ «@____RF heating coil

molfen zone

inferface

single crystal
silicon

shoulder

neck
seed

seed_holder




Figure 10. Float zone crystal growth.
Czochralski Crystal Growth Process


The Czochralski method, invented by the Polish scientist J. Czochralski in 1916, is the method of choice for high volume production of Si single crystals of exceptional quality, and shall be discussed briefly. Below there is a schematic drawing of a crystal growth apparatus employing the Czochralski method (Figure 11). Essentially, a crystal is "pulled" out of a vessel containing liquid Si by dipping a seed crystal into the liquid which is subsequently slowly withdrawn at a surface temperature of the melt just above the melting point.
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Figure 11. Crystal growth apparatus employing the Czochralski method.
In the method, you start growing a "Czochralski crystal" by 
· Filling a suitable crucible with the material – hyperpure correctly doped Si pieces obtained by crushing the poly-Si from the last section. Take care to keep impurities out - do it in a clean room - and also use hyperpure silica for your crucible.
· Making sure that the inside of the machine is very clean too and that the gas flow - the gas you introduce but also the SiO coming from the molten Si because parts of the crucible dissolve producing O - does not interfere with the growing crystal.
· Dissolving the Si in the crucible and keeping its temperature close to the melting point. Since you cannot avoid temperature gradients in the crucible, there will be some convection in the liquid Si. You may want to suppress this by big magnetic fields.
· Inserting a seed crystal, adjust the temperature to "just right", and start withdrawing the seed crystal. For homogeneity, rotate the seed crystal and the crucible. Rotation directions and speeds and their development during growth are closely guarded secrets!
· First pulling rather fast - the diameter of the growing crystal will decrease to a few mm. This is the "Dash process" ensuring that the crystal will be dislocation free even though the seed crystal may contain dislocations.
· Now decreasing the growth rate - the crystal diameter will increase - until you have the desired diameter and commence to grow the commercial part of your crystal at a few mm/second.

As your crystal grows, the impurity concentration (including the dopants if you do not watch out) will increase in the melt (due to segregation) and therefore also the percentage incorporated into the crystal. The temperature profile of the whole system will also change - you are now deeper down in the crucible and the crystal cools off a little more slowly (Figure 12). All these factors influence the homogeneity of the crystal, and reflect in the following aspects: 

· The radial and lateral doping level is influenced - it will not stay constant without some special measures
· The concentration of impurities, especially interstitial oxygen, may change. In general, the concentration increases from "head" to "tail".

· Crystal lattice defects still present (essentially agglomerates of the point defects present in thermal equilibrium at high temperatures) may change in size and distribution.
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Figure 12. The crystal grows.
You do not want any of these imperfections. You want a crystal where all this factors are constant everywhere! So you must do something; change the rotation speeds, the temperature, the growth speed - whatever. This is where crystal growing becomes an art, and you will not find much literature about this. This is the tricky and secret part: changing all important parameters continuously so that the crystal is homogeneous!



 
The "last drop" of Si contains all the impurities not yet incorporated and a higher concentration of dopants because of their small segregation coefficients. It is not recommendable to use this Si portion and the crystal grown must be finished. But you cannot simply pull out the crystal after the desired length has been reached. The thermal shock of the rapidly cooling end will introduce large temperature gradients in the crystal which in turn produce stress gradient - plastic deformation (easy in Si at high temperatures) will take place and this means dislocations are nucleated and driven into the crystal. The dislocation will even run up into the formerly dislocation free part of the crystal, destroying your precious Silicon. So you have to withdraw the crystal gradually by just increasing the pulling rate a little bit which will lead to reduced diameters. The crystal then ends in an "end cone" similar to the "seed cone" (Figure 13). 
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Figure 13. The crystal end.


 

Necking

Here is an X-ray topography of the first part of crystal growth. An X-ray topography is similar to a transmission electron microscope image - it shows the interior of the sample and dislocations are visible as dark lines (Figure 14).
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Figure 14. X-ray topography of the first part of crystal growth (Courtesy of Wacker / Siltronic; Burghausen, Germany).
We emphasize that the pulling rate (usually a few mm/min) and the temperature profile determines the crystal diameter (the problem is to get rid of the heat of crystallization). Everything else determines the quality and homogeneity - crystal growing is still as much an art as a science! 

Segregation Coefficient

In both process we talked about the segregation coefficient kseg of impurity atoms, and now we will explain that. The segregation coefficient in thermodynamic equilibrium gives the relation between the concentration of impurity atoms in the solid Si, the growing crystal in our case, and that in the melt Si. It is usually much lower than 1, see Table 4, because impurity atoms "prefer" to stay in the melt, or in other words, the solubility of impurity atoms in the melt is larger than in the solid. 

The higher solubility of the impurity in the melt Si has a positive and a negative side to it:

· On the positive side, the crystal will be cleaner than the liquid, and the crystal growing is simultaneously a purification method. Always provided that we discard the last part of the Si where all the impurities are now concentrated. After all, what was in the melt must be in the solid after solidification - only the distribution may now be different.

· On the negative side, the distribution of impurities - and that includes the doping elements and oxygen - will change along the length of a crystal. A homogeneous doping is difficult to achieve.
Table 4. Segregation coefficient kseg for thermodynamic equilibrium.
	Atom
	Cu
	Ag
	Au
	C
	Ge
	Sn
	

	kseg
	4 · 10–4
	1 · 10–6
	2,5 · 10–5
	6 · 10–2
	3,3 · 10–2
	1,6 · 10–2
	

	Atom
	O
	S
	Mn
	Fe
	Co
	Ni
	Ta

	kseg
	1,25
	1 · 10–5
	1 · 10–5
	8 · 10–6
	8 · 10–6
	4 · 10–4
	1 · 10–7


Notice that "thermodynamic equilibrium" refers to a growth speed of 0 mm/min or, more practically, very low growth rates. For finite growth rates, kseg becomes a function of the growth rate (called kseff) and approximates 1 for high growth rates (whatever comes to the rapidly moving interface gets incorporated).
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Figure 15. The segregation dependence on the growth rate.
That segregation has a large dependence on the growth rate is shown in the Figure 15 for some possible doping elements. We recognize from the data one reason why practically only As, P, and B are used for doping! Their segregation coefficient is close to 1 which assures half-way homogeneous distribution during crystal growth. Achieving homogeneous doping with Bi, on the other hand, would be exceedingly difficult or just impossible.

Silicon Crystal

Present day single crystals of silicon are the most perfect objects on this side of Pluto (remember that perfection can be measured by using the second law of thermodynamics). This is not an empty statement! A very interesting and readable article dealing with the history and the development of Si crystal growth from W. Zulehner (Wacker Siltronic), who was working on this subject from the very beginning of commercial Si crystal growth until today, can be found in the site www.tf.uni-kiel.de/matwis/amat/elmat_en/articles/historic_review_cryst_growt.pdf.
What the finished crystal looks like can be seen in the Figure 16. What we can not see is that there is no other crystal of a different material that even comes close in size and perfection. The picture is a state-of-the-art 200 mm Si crystal as they are grown by the thousands for present day (2000) chip manufactures. While it does look like oversized chromium-plated salami, it is a much more sophisticated product (and much more expensive).

Note that this huge crystal is hanging on a rather thin Si seed crystal (see inset). This seed crystal does not only have to support the weight of the crystal, but also the torque needed to rotate the crystal during its growth.
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Figure 16. Finished crystal. ("Smithsonian", Jan 2000, Vol 30, No. 10; Reprinted with general permission).


 

The final crystal almost does not contain lattice defects (Figure 17). It does not contain dislocations - a unique feature that only could be matched by Germanium crystals at appreciable sizes (which nobody grows or needs)
. With the exception of the doping atoms (and possible interstitial oxygen, which often is wanted in a concentration of about 30 ppm), substitutional and interstitial impurities are well below a ppb (part per billion) if not ppt (part per trillion) level (except for relatively harmless carbon at about 1 ppm) - unmatched by most other "high purity" materials. The crystal is homogeneous. The concentration of the doping atoms (and possibly interstitial oxygen) is radially and laterally rather constant, a feat not easily achieved.
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Figure 17. Crystal defects (from [Ze85]).
2.2.2 
Wafer Technology

It may appear rather trivial now to cut the crystal into slices which, after some polishing, result in the wafers used as the starting material for chip production. However, it is not trivial. While a wafer does not look like much, it is not easy to manufacture. Again, making wafers is a closely guarded secret and it is possibly even more difficult to see a wafer production than a single Si crystal production.

Wafers must all be made to exceedingly tight geometric specifications. Not only must the diameter and the thickness be precisely what they ought to be, but the flatness is constrained to about 1 µm. This means that the polished surface deviates at most about 1 µm from an ideally flat reference plane - for surface areas of more than 1000 cm2 for a 300 mm wafer! And this is not just true for one wafer, but for all 10.000 or so produced daily in one factory. The number of Si wafers sold in 2001 was about 100.000.000 or roughly 300.000 a day! Only tightly controlled processes with plenty of know-how and expensive equipments will assure these specifications. 

O processo de preparação da lamina é feito em oito passos, descritos abaixo. 

· Passo 1: as características do tarugo são medidas para conhecer se está ou não de acordo com as exigências (dopagens, impurezas, etc.);
· Passo 2: as duas extremidades do tarugo são cortadas (o material cortado pode servir para fazer um novo tarugo ou pode ser vendido para siderúrgicas);
· Passo 3: as laterais são desbastadas para que o tarugo tenha o diâmetro exato. O diâmetro do tarugo depende de uma porção de parâmetros (velocidade com que é puxado, velocidade de rotação, temperatura, etc.) e é difícil controlá-lo com precisão. Assim, o tarugo é produzido com diâmetro maior do que o necessário e depois ajustado. Não esqueça que o wafer deve ter dimensões precisas para ser utilizado na fabricação de circuitos. A Figure 18 mostra como é feito o desbastamento;
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Figure 18. Desbastamento do tarugo ([Ze82]).
· Passo 4: O tarugo é cortado em laminas. No processo de corte parte do silício é perdido (uns 0,3 mm é perdido, por lamina cortada). A lamina tem espessura variando entre 0,5 e 0,7 mm, dependendo da especificação. O corte pode ser feito com laminas, como mostra a Figure 19. 

· Passo 5: é feito polimento mecânico dos dois lados da lamina para deixá-la mais plana (lapping). O polimento é feito com Al2O3 e glicerina (se obtém planaridade de cerca de 2 m). Cerca de 20 m de silício é retirado de cada lado da lamina neste processo. A Figure 20 mostra o equipamento para realizar esta tarefa. 

· Passo 6: o wafer tem sua borda acabada como mostrado na Figure 21. Isto reduz o stress na lamina durante as etapas térmicas a que ela será submetida.
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Figure 19. Corte das laminas ([Ze82]).
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Figure 20. Equipamento para realizar primeiro polimento ([Ze82]).
· Passo 7: durante os procedimentos mecânicos acima descritos, a lamina sofre danos que podem atingem vários micras de profundidade (10 ou mais micras). Para remover os danos, a lamina é submetida a um processo de corrosão, etching, em uma solução de acido nítrico, HNO3, e ácido fluorídrico, HF, com ácido acético, CH3COOH, como diluente. A reação básica é descrita abaixo:

3 Si + 4 HNO3 + 18 HF  3 H2SiF6 + 4 NO + 8 H2O

 
Cerca de 20 m de silício acabam sendo retirados de cada lado da lamina nesta etapa. A Figure 22 mostra o equipamento para o etching.
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Figure 21. Equipamento para realizar arredondamento das bordas da lamina ([Ze82])
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Figure 22. Equipamento de etching (© "Smithsonian", Jan 2000, Vol 30, No. 10; Reprinted with general permission).
· Passo 8: o processo de etching não mantém a lamina plana. Um novo processo de polimento é executado em função disso. Para o polimento é utilizada uma solução coloidal de sílica, SiO2, em solução aquosa de hidróxido de sódio (o que forma o slurry). Neste polimento há uma etapa química e outra mecânica: durante o polimento, o calor gerado faz com que o hidróxido de sódio oxide o silício, o que constitui a etapa química. As partículas de sílica então desbastam esse óxido da lamina, constituindo a etapa mecânica. A Figure 23 ilustra o equipamento para esta etapa de polimento.
[image: image25.jpg]FIGURE 27
(a) Photograph of polishing machine.



   [image: image26.jpg]\\__M/
WAFER HOLDER 0 BLURRY
WAFER 0

POLISHING PAD

FIGURE 27
{d Schematic of polishing process.




Figure 23. Segundo polimento ([Ze82]).
Após estes oito passos e antes da utilização da lamina, ela é limpa quimicamente com soluções aquosas de NH4OH, HCl e H2SO4. Com isso se removem filmes orgânicos, metais pesados e partículas.

The final polishing and cleaning steps are done in a cleanroom where the wafers are packed for shipping.
In contrast to polished metals, polished Si wafers have a perfect surface. The crystal just ends followed by less than two nm of "native oxide" which forms rather quickly in air and protects the wafer from chemical attacks.

Typical wafer specifications may contain more than 30 topics, the most important ones are:

· Doping type: n or p-type (p-type is by far the most common type today) and dopant used (P, As or B);
· Resistivity: commonly between 100 cm to 0,001 cm with (5 - 1) cm defining the bulk of the business;
· Impurity concentrations for metals and other "life time killers" (typically below 1012 cm–3), together with the life time or diffusion length (which should be several 100 µm);
· Oxygen and carbon concentration (typically around 6 · 1017 cm–3 or 1 · 1016 cm–3, respectively). While the carbon concentration just has to be low, the oxygen concentration often is specified within narrow limits because the customer may use "internal gettering", a process where oxygen precipitates are intentionally formed in the bulk of the wafer with beneficial effects on the chip in the surface near regions;
· Microdefect densities (after all, the point defects generated in thermal equilibrium during crystal growth must still be there in the form of small agglomerates). The specification here may simple be: BMD ("bulk micro defect") density = 0 cm–3. Which simply translates into: Below the detection limit of the best analytical tools.

· Geometry, especially several parameters relating to flatness. Typical tolerances are always in the 1 µm regime.

· Surface cleanliness: No particles and no atomic or molecular impurities on the surface!

All numbers with error margins and homogeneity requirements.
Since chip structures are always aligned along crystallographic directions, it is important to indicate the crystallography of a wafer. This is done by grinding flats (or, for very large wafer - 200 mm and beyond, notches) at precisely defined positions. The flats also encode the doping types since mix ups of wafers are very expensive! The convention for flats is as follows (Figure 24). 
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Figure 24. The convention for wafer flats.
The main flat is always along a <110> direction. However, many companies have special agreements with wafer producers and have "customized" flats (most commonly no secondary flat on {100} p-type material).

 
 


Estrutura e Cortes do Si
O cristal de silício tem uma estrutura similar ao diamante, tetraédrica, onde cada átomo esta cercado por quatro átomos eqüidistantes, como mostra a Figure 25. O corte nesta estrutura pode ter as direções indicadas na Figure 26. A direção do corte causa variações nas propriedades da lamina, tais como 

- mobilidade dos portadores;

- densidade de estados de superfície (depende do número de ligações quebradas no corte);
- velocidade de oxidação.  
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Figure 25. Estrutura do silício.

[image: image29]
Figure 26. Direções de corte.
2.2.3 
Complete Wafer Process

In Figure 27 a schematic process flow graph is given for everything - from sand to wafer. It includes side processes not covered in the backbone modules which, however, are self explanatory.
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Figure 27. Schematic process flow graph for wafer production.
Next, we have a pictorial representation of the crystal growth and wafer production in Figure 28. Again, it contains some self-explanatory processes not introduced before. 
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Figure 28. A pictorial representation of the wafer production.
Note that the production of wafers - at last several thousands per day - with specifications that are always at the cutting edge of what is possible - is an extremely difficult process. At present (Jan. 2004), there are only a handful of companies world wide that can do it. In fact, 4 companies control about 80% of the market. To give an idea of the size of the industry, in 2004 a grand total of about 4.000.000 m2 of polished Si wafers was produced, equivalent to about 1.25 · 108 200 mm wafers. The reference [Mo07] leads to a recent (1999) article covering New developments in Si CZ crystal growth and wafer technology (from A.P. Mozer; Wacker Siltronic) and gives an impression of the richness of complex issues behind the production of the humble Si wafer.

Now we are ready to start: with a suitable piece of a Si crystal, a Si wafer. A wafer is a thin (about 650 µm) round piece of rather perfect Si single crystal with a typical diameter (in the year 2000) of 200 mm (nowadays (2005) you would build a factory for 300 mm). On this wafer we place our chips, square or rectangular areas that contain the complete integrated circuit with dimensions of roughly 1 cm2 (enormous). The picture in Figure 29 shows a 150 mm wafer with (rather large 1st generation) 16 Mbit DRAM chips and gives an idea about the whole structure.
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Figure 29. 150 mm wafer with 16 Mbit DRAM chips.
3. Lithography (seção 6.6 de [Fo07])
3.1 Basic Lithography Techniques (seção 6.6.1 de [Fo07])
3.1.1 
Process flow of Lithography (and Pattern Transfer)

Let us start by considering the basic processes to structure, or shape, layers in the wafer. Figure 30 shown a complex process flow of lithography with etch mask layer (usually SiO2). Often, however, you just use the photo resist as masking layer for etching, omitting deposition, structuring, and removal of the etch layer (green layer). A photo resist mask generally is good enough for ion implantation (provided you keep the wafer cool) and many plasma etching processes.
Na figura se mostra como são impressos padrões em uma camada (layer to be structured) já aplicada. Primeiro se deposita uma camada para ser corroída (etch mask layer) e depois um material foto-resitivo. O material foto-resitivo é submetido a uma exposição de luz (como veremos pode ser também raio X, feixe de elétrons, etc.). Nas regiões onde a luz incide o foto-resist se torna solúvel e é retirado através de um solvente apropriado, o que será chamado de revelação. Posteriormente o etch mask layer é retirado nas regiões onde não é mais protegido pelo foto-resist e, em seguida, a lamina é lavada para retirar todo o material foto-resistivo. Por fim o layer to be structured é também retirado nas regiões onde não esta protegido pela etch mask layer. Observemos que neste exemplo o foto-resist serve para transmitir o padrão desejado ao etch mask layer e daí para a camada final. O etch layer pode ser dispensado se o processo de retirar a layer to be structured não exigir altas temperaturas, que degradam um material orgânico como o foto-resist.
O processo de definir uma figura pode ser feita alternativamente por Lift off como mostra a Figure 31. Nele o layer to be structured é depositado sobre o foto-resist já revelado e retirado com ele. Este processo apresenta duas maiores desvantagens: o material deve ser depositado depois da aplicação do foto-resist, o que implica em temperaturas máximas de operação inferiores a 200-300 oC; por causa da ‘sombra’ causada pelo resiste o material fica com forma arredondada. 

As far as lithography is concerned, it is evident that we need the following key ingredients: 

· a mask (better known as reticle
) that contains the structure you want to transfer - not unlike a slide.

· a photo resist
, i.e. some light sensitive material, not unlike the coating on photographic film.

· a lithography unit that allows projecting the pattern on the mask to the resist on the wafer. Pattern No. x must be perfectly aligned to pattern No. x - 1, of course. Since about 1990 one (or just a few) chip is exposed at one time, and then the wafer is moved and the next chip is exposed. This step-by-step exposure is done in machines universally known as steppers.

· means to develop and structure the resist. This is usually done in such a way that the exposed areas can be removed by some etching process (using positive resist). For some special purpose, you may also use negative resists, i.e. you remove the unexposed areas.
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Figure 30
. Processo para colocar padrões.
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Figure 31. Processo para colocar padrões: a esquerda lift off ([Ze88]).
In principle, lithography is like projecting a slide on some photosensitive paper with some special development. However, we have some very special requirements, and those requirements make the whole process very complex! With very complex we mean really complex, super-mega-complex. Even in your wildest dreams you will not even get close to imagining what is necessary to do the lithography in a modern chip with structures size around 0,13 µm. We are not going to delve very deep into the intricacies of lithography, but only give it a cursory glance.
O fluxo a que um lamina é submetida seguidas vezes para a fabricação de um circuito é mostrado na Figure 32.
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Figure 32. Fluxo que a lamina é submetida ([Ze82]).
A função de algumas etapas é:

· Pre-baken oven: remover solvente e aumentar a aderência do resist.

· Post bake oven: dar ao resist a adesão necessária para o etch.

· Inspect and measure: verificar se o processo de gravação esta dentro do padrão;
3.1.2 
Reticles (máscaras)
For any layer that needs to be structured, you need a reticle. Since the projection on the chip usually reduces everything on the reticle fivefold, the reticle size can be about 5 times the chip size. A reticle is a glass plate with the desired structure etched into a Cr layer. In Figure 33, a direct scan of an old reticle for memory is shown, together with a microscope through-light image of some part. "Obviously", the regular lattice of small opening in the non-transparent Cr layer is the array for the trenches in a memory chip. The smallest structures on this reticle are about 5 µm.
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Figure 33. Reticle: left: a typical reticle, about original size; right: enlargement (x 100).
Before we look at the requirements of reticles and their manufacture, let us pause for a moment and consider how the structure on the reticle comes into being. First, let us look at these structures, or the lay-out of the chip. Shown on the Figure 34 is a tiny portion of a 4 Mbit DRAM. Every color expresses one structured layer (and not all layers of the chip are shown; a print-out of the complete layout at this scale would easily cover a soccer field). 

One point to note is: it is not good enough to transfer the structure on the reticle to the chip with a resolution somewhat better than the smallest structures on the chip; it is also necessary to superimpose the various levels with alignment accuracy much better than the smallest structure on the chip! And we have about 20 structuring cycles and thus reticles for one chip.

The lay-out contains the function of the chip. It establishes where you have transistors and capacitors, how they are connected, how much current they can carry, and so on. This is determined and done by the product people - electrical engineers, computer scientists – and no materials scientists are involved. The technology, the making of the chip, determines the performance - speed, power consumption, and so on. This is where material scientists come into their own, together with semiconductor physicists and specialized electrical engineers (who e.g., can simulate the behavior of an actual transistor and thus can help the process engineers with parameters like optimal doping levels etc.). In other words, the reticles are the primary input of the product engineers to chip manufacturing. But they only may contain structures that can actually be made. This is expressed in design rules which come from the production line and must be strictly adhered to. Only if all engineers involved have some understanding of all issues relevant to chip production, will you be able to come up with aggressive and thus competitive design rules!
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Figure 34. Portion of a 4 Mbit DRAM.
What are the requirements that reticles have to meet (besides that their structures must not contain mistakes from the layout, e.g. a forgotten connection or whatever)? Simple: they must be absolutely free of defects and must remain so while used in production! Any defect on the reticle will be transferred to every chip and more likely than not will simply kill it. In other words: not a single particle is ever allowed on a reticle (Figure 35)!

This sounds like an impossible request. Consider that a given reticle during its useful production life will be put into a stepper and taken out again a few thousand times, and that every mechanical movement tends to generate particles. Lithography is full of "impossible" demands like this. Sometimes there is a simple solution, sometimes there is not. In this case there is:
· First, make sure that the freshly produced reticle is defect free (you must actually check it pixel by pixel and repair unavoidable production defects).
· Then encase it in pellicles
 (= fully transparent thin films) with a distance of some mm between reticle and pellicle as shown below.
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Figure 35. Reticle with dust.
One of the bigger problems with steppers - their very small (about 1 µm) depth of focus that we will discuss further- now turns to advantage: unavoidable particles fall on the pellicles and will only be imaged as harmless faint blurs.

How do we make reticles? By writing them pixel by pixel with a finely focused electron beam into a suitable sensitive layer, i.e. by direct writing electron-beam lithography. Next, this layer is developed and the structure transferred to the Cr layer. Checking for defects, repairing these defects (using the electron beam to burn off unwanted Cr, or to deposit some in a kind of e-beam triggered CVD process where it is missing), and encasing the reticle in pellicles finishes the process.

Given the very large pixel size of a reticle (roughly 1010), this takes time - several hours just for the electron beam writing! This explains immediately why we do not use electron beam writing for directly creating structures on the chip: you have at most a few seconds to "do" one chip in the factory, and e-beam writing just can not deliver this kind of throughput.

Problemas com Partículas
Qualquer partícula cria defeitos na máscara e estes são passados para o silício (Figure 36). Em função disso, as salas de trabalho devem ter um número muito baixo de partículas. As sala limpas são classificadas de acordo com o número de partículas permitidas por volume. Por exemplo, sala classe 100: menos de 100 partículas com dimensão de 0,5 m por ft3 (350 por m3). A Figure 37 mostra as especificações das várias classe de salas. Veja que quanto maior a partícula, menor o número permitido para uma dada classe.
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Figure 36. Partículas na máscara. A particular 3, única danosa, pode causar um curto entre dois sinais ([Ze85]).
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Figure 37. Classes de salas limpas ([Ze85]).
 

3.2 Resist and Steppers (seção 6.6.2 de [Fo07])
3.2.1 
Photo Resists

Let us just look at a list of requirements for resists. We need to have:
· High sensitivity to the wavelength used for imaging, but not for all optical wave lengths (you neither want to work in the dark, nor expose the resist during optical alignment of the reticle which might be done with light at some other wave length). Not easy to achieve for the short wave lengths employed today.
· High contrast, i.e. little response (= "blackening") to intensities below some level, and strong response to large intensities. This is needed to sharpen edges since diffraction effects do not allow sharp intensity variations at dimensions around the wavelength of the light as illustrated below (Figure 38).
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Figure 38. Diffraction effects on the reticles.
· Compatibility with general semiconductor requirements (easy to deposit, to structure, to etch off; no elements involved with potential to contaminate Si, as heavy metals or alkali metals (this includes the developer), no particle production, and so on).
· Homogeneous "blackening" with depth - this means little absorption. Simply imagine that the resist is strongly absorbing, which would mean only its top part becomes exposed. Removal of the "blackened" and developed resist would not even open a complete hole to the layer below.
· No reflection of light, especially at the interface resist - substrate. Otherwise we encounter all kinds of interference effects between the light going down and the one coming up (known as "Newton fringes"). Given the highly monochromatic and coherent nature of the light used for lithography, it is fairly easy to even produce standing light waves in the resist layer as shown in Figure 39. While the ripple structure clearly visible in the resist is not so detrimental in this example, very bad things can happen if the substrate below the resist is not perfectly flat. This would call for a strongly absorbing resist - in direct contradiction to the requirement stated above. Alternatively, an anti-reflection coating (ARC) might be used between substrate and resist, adding process complexity and cost.
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Figure 39. Effects of standing light waves in the resist layer.
· Suitability of the resist as direct mask for ion-implantation or for plasma etching.
· Easy stripping of the resist, even after it was turned into a tough polymer or carbonized by high-energy ion bombardment. Try to remove the polymer formed in your oven, from some harmless organic stuff like plum cake, after it was carbonized by some mild heat treatment without damaging the substrate, and you know what this means.

These are enough requirements to occupy large numbers of highly qualified people in resist development! Simply accept that resist technology will account for the last 0,2 µm or so in minimum structure size. And if you do not have the state-of-the-art in resist technology, you will be a year or two behind the competition - which means you are loosing large amounts of money!

A aplicação de foto-resist sobre a lamina é realizada através de rotação: uma gota é colocada sobre a lamina e ela é submetida a rotação que espalha o material uniformemente. A espessura da película formada depende da viscosidade do material e da velocidade de rotação e deve ser, ao mesmo tempo, suficiente para cobrir as protuberâncias da lamina mas a menor possível para não comprometer a resolução. A espessura em função da rotação é dada pela relação abaixo:
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Foto-resists são classificado como do tipo positivo ou negativo (Figure 40).

· no positivo, a luz quebra algumas cadeias de moléculas e com isso o foto-resist iluminado se torna solúvel;
· no negativo, a luz faz com que haja a ligação cruzada entre cadeias de moléculas e com isso o foto-resist iluminado deixa de ser solúvel. 
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Figure 40. Exemplo de reação que ocorre no foto-resist ([Ze85])
No foto-resist positivo, o padrão desenhado na máscara é passado para a lamina; no foto-resist negativo, o padrão passado para a lamina é o negativo da máscara. Na Figure 41 é mostrado em detalhes a transferência de padrões para a lamina utilizando foto-resists positivo e negativo.
As curves de porcentagem do foto-resist não solúvel em função da energia total aplicada servem para determinar quanto tempo deve ser exposta uma lamina (Figure 42). Observe que o foto-resist negativo é melhor, a principio, pois necessita menor energia e, portanto, menor tempo de exposição (o que reduz o tempo e o custo). Por outro lado, no processo de revelação, o foto-resist negativo que se tornou insolúvel fica com dimensões alteradas, inchado devido ao processo de ligações cruzadas explicado acima, reduzindo a resolução. Esta alteração do foto-resist negativo é uma razão forte para ele não ser muito usado.
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Figure 41. Transferência de padrões utilizando foto-resist positivo (esquerda) e negativo (direita) ([Ze85]).
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Figure 42. Solubilidade do foto-resist em função da energia total de exposição ([Ze85]).
3.2.2 
Stepper

A transferência de padrões para o foto-resist é feita por uma ferramenta de exposição litográfica. Tal ferramenta tem várias funções: 
· deve primeiro prender firmemente laminas e a máscara; 
· deve providenciar formas de alinhar as sucessivas máscaras utilizadas no mesmo processo (em função desta tarefa esta ferramenta pode ser chamada de aligner). Durante a fabricação de um circuito várias máscaras são utilizadas e cada uma deve estar alinhada com a anterior. Desalinhamentos podem resultar em erros como é ilustrado na Figure 43 (nesta figura o problema que surge é entre os dois retângulos).
· deve fornecer alguma forma de radiação para sensibilizar o resist durante a exposição litográfica (algumas vezes é usado electron beam ou ion beam, que não são formas de radiação, para sensibilizar o resist);
O desempenho da ferramenta de exposição pode ser avaliada pela:
· Resolução: capacidade de permitir a transferência de dimensões finas;

· Registration: medida de quanto sucessivas máscaras estão alinhadas;

· Throughput: número de laminas que podem ser expostas por hora. 
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Figure 43. As máscaras 1 e 2 dois devem estar alinhadas para o retângulo de 1 ficar dentro do retângulo de 2 ([Ze82]).
Há basicamente dois métodos de exposição ópticos: 

· Por impressão de sombra (shadow printing);
· Por impressão de projeção.
O método de sombra também se divide em dois (Figure 44):
· De contato: há o contato entre a máscara e o foto-resist. Neste caso a resolução é maior mas aumentam os riscos de danificar a máscara;
· De proximidade: há um espaço entre a máscara e a lamina.
[image: image49.jpg]CONTACT PROXIMITY

LIGHT RO s,

SOURCE —= :@: &@:
(Hg ARC LAMP)

IR 7P
LENS —=

MASK — I —]

PHOTORESIST :[
SUBSTRATE AR M
(@) (b)

Fig.3 Schematics of optical shadow printing techniques.! (a) Contact printing.
(b) Proximity printing.





Figure 44. Impressão de sombra ([Ze85]).
A resolução do método de impressão por sombra é caracterizada pela relação
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onde 

R = minimal distinguishable feature size; i.e. the distance between two lines;


 = wavelength of the exposure radiation;


g = gap between the mask and the wafer (includes the thickness of the resist).
Pela relação podemos ver que a impressão de contato deve permitir maior resolução.
observação 1: quanto menor o comprimento de onda usado melhor é a resolução. Procura-se usar atualmente Ultra Violeta (UV), Deep UV e raio X para obter maiores resoluções (Figure 45).
observação 2: quanto maior a espessura do foto resist menor a resolução. Algumas vezes é usada mais de uma camada de foto resist para separar a função de cobrir as ondulações da lamina e a função do desenho de formas, como é mostrado na Figure 46. Neste caso há uma camada fina de 0,4 m, para permitir a impressão dos padrões, e uma camada espessa de 2-3 m, que dá a cobertura desejada.
observação 3: para aumentar a resolução ótica, vários recursos têm sido aplicados. Um destes é o phase shift mask. Se uma máscara normal é utilizada, a luz que passa por aberturas adjacentes na máscara causará interferências construtivas, como mostra o lado esquerdo da Figure 47. Caso as máscaras sejam alteradas, por exemplo adicionando uma camada extra em algumas regiões, podemos fazer com que a luz tenha um atraso de fase de 180O em certas regiões, causando interferências construtivas (lado direito da Figure 47)([Mu03]).
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Figure 45. Comprimento de onda usado para litografia.
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Figure 46. Utilização de mais de uma camada de foto-resist. 


[image: image53]
Figure 47. Phase shift masks.
A impressão de projeção pode ser de três tipos: scan, raster e step-and-repeat. Nos dois primeiros, a máscara é igual a lamina e vai sendo copiada aos poucos através de lentes: no caso do wafer-scan, uma curva ao longo da máscara é copiada por vez; no caso do raster-scan, uma porção da máscara é que é copiada. No terceiro tipo, a máscara tem apenas uma cópia do circuito e ele vai sendo gravado na lamina passo a passo (após cada passo a lamina é deslocada) (Figure 48). No último caso o desenho da máscara pode ser maior ou igual ao que desejamos passar para a lamina. 
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Figure 48. Tipos de impressão por projeção ([Ze85]).
Observe que na projeção apenas uma parte do circuito é copiada na lamina a cada momento e com isso se simplifica o sistema óptico, lentes ou espelhos, aumentando a resolução.
In the case of step-and-repeat, the exposure tool may be called stepper. It is a kind of fancy slide projector. It projects the "picture" on the reticle onto the resist-coated wafer. But in contrast to a normal slide projector, it usually does not enlarge the picture, but demagnifies it - exactly fivefold, in most cases, or tenfold. The reduction of the reticle picture allows higher precision since any reticle defect is also demagnified. Simple in principle, however:
1. We need the ultimate in optical resolution: as everybody knows, the resolution limit of optical instruments is equal to about the wave-length . More precisely and quantitatively we have 
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 With R = minimal distinguishable feature size i.e., the distance between two lines, and NA = numerical aperture of the optical system (the NA for a single lens is roughly the quotient of diameter/focal length i.e., a crude measure of the size of the lens) (Figure 49 and Figure 50).


[image: image56]
Figure 49. Efeitos de dois pontos quando há ou não resolução na lente para separá-los.

[image: image57]
Figure 50. Calculo da resolução R.
To evaluate the above relation, consider the blue light. It has a wave length of about 0.4 µm. The numerical apertures NA of very good lenses are principally < 1; a value of 0.6 is about the best you can do (consider that all distortions and aberrations troubling optical lenses become more severe with increasing NA). This would give us a minimum feature size of 
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Since nowadays you can buy chips with minimum features of 0.09 µm or even 0.06 µm, we obviously must do better than using just the visible part of the spectrum.

2. Resolution is not everything; we need some depth of focus, too. Our substrate is not perfectly flat; there is some topography (not to mention that the Si wafer is also not perfectly flat). As anyone familiar with a camera knows, your depth of focus Df decreases, if you increase the aperture diameter, i.e. if you increase the NA of the lens. In formulas we have


[image: image59.wmf]m

NA

Df

m

l

11

1

6

0

4

0

2

2

.

.

.

=

=

»


Caso tivermos a profundidade de foco pequena, não é possível manter a resolução em um CI com a topografia ondulada. A Figure 51 ilustra a perda de foco. A Figure 52 mostra as relações para calculo do Df.

[image: image60]
Figure 51. Perda de foco devido ondulações.
Tough! What you gain in resolution with larger numerical apertures, you loose (quadratically) in focus depth. And if you decrease the wavelength to gain resolution, you loose focus depth, too! There are a tradeoff between resolution and focus depth, and for any technology where the resolution is extremely reduced, also the focus depth is. In consequence, technologies with small patterns should have almost plane superficies.
3. We need to align one exposure exactly on top of the preceding one. In other words, we need a wafer stage that can move the wafer around with a precision of lets say 1/5 of dmin (minimum layout feature) – today corresponding to less than 0.18/5 µm = 0.036 µm = 36 nm. And somehow you have to control the stage movement; i.e. you must measure where you are with respect to some alignment marks on the chip with the same kind of precision. We need some alignment module in the stepper.
Alignment is done optically, too, as an integral (and supremely important) part of stepper technology. We will, however, not delve into details.


[image: image61]
Figure 52. Calculo do Df.
4. We need to do it fast, reliable and reproducible - 10 000 and more exposures a day in one stepper. Time is money! You can not afford more than a few seconds exposure time per chip. And you also can not afford that the machine breaks down frequently, or needs frequent adjustments. Therefore you will put your stepper into separate temperature and humidity controlled enclosures, because the constancy of these parameters in the cleanroom (T » 1 oC) is not good enough. You also would need to keep the atmospheric pressure constant, but ingenious engineers provided mechanism in the lens which compensates for pressure variations of a few mbar. Still, when you order a stepper, you specify your altitude and average atmospheric pressure.

How do we build a stepper? By combining elements from the very edge of technology in a big machine that costs around 10.000.000 $ and that can only be produced by a few specialized companies. The picture below, Figure 53, gives an impression. The basic imaging lens of the stepper is a huge assembly of many lenses; about 1 m in length and 300 kg in weight.
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Figure 53. Stepper.
In the stepper we need intense monochromatic light with a short wave length. If you use colored light, there is no way to overcome the chromatic aberrations inherent in all lenses and your resolution will suffer. The wave lengths employed started with the so-called g-line (436 nm) of Hg, fairly intense in an Hg high pressure arc lamp and in the deep blue of the spectrum. It was good down to about 0.4 m as shown in the example above. Next (around 1990) came the 365 nm i-line in the near ultra violet (UV). This took us down to about 0.3 µm. Next comes a problem. There simply is no "light bulb" that emits enough intensity at wavelengths considerably smaller than 365 nm. The (very expensive) solution were so-called excimer Lasers, first at 248 nm (called deep UV lithography), and eventually (sort of around right now (2001)), at 194 nm and 157 nm.

Next comes the end. At least of "conventional" stepper technology employing lenses: there simply is no material with a sizeable index of refraction at wavelengths considerably below 157 nm that can be turned into a high-quality lens. Presently, lots of people worry about using single crystals of CaF2 for making lenses for the 157 nm stepper generation.

What do you do then? First you raise obscenely large amounts of money, and than you work on alternatives, most notably are (Figure 54): 
· Electron-beam lithography. We encountered it before; the only problem is to make it much, much faster to drawn a complete CI layer in a reasonable time. As it appears today (Aug. 2001), this is not possible.
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Figure 54. Possibilidades para litografia: luz, electron beam, raios X e ions bean ([Ze85]).

No electron beam um feixe de elétrons é usado para sensibilizar o foto-resist. A Figure 55 ilustra o equipamento para geração do feixe de elétrons.
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Fig. 12 Schematic of an electron-beam machine.




Figure 55. Equipamento para geração do feixe de elétrons ([Ze82]).
O electron beam permite grande resolução mas existe um compromisso entre a largura do feixe e a resolução e a velocidade de gravação: quanto mais largo for o feixe, menor é a resolução mas mais rápida é a gravação. 

O movimento do feixe pode ser do tipo raster scan (percorre toda a lamina) ou vector scan (percorre apenas as linhas que devem ser desenhadas) 

As maiores dificuldades neste tipo de litografia são
· é lento (baixo throughput)

· Electron scattering and proximity effects: os elétrons podem colidir com o material e voltar para cima sensibilizando o foto-resist em regiões onde eles não deveriam incidir (Figure 56). 
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Fig. 15 Electron scattering effects in a resist-coated substrate. (After Greeneich, Ref. 23.)




Figure 56. Electron scattering em elétron beam ([Ze82]).
Com isso contornos próximos acabam influindo um sobre o outro (proximity effects). Por exemplo considere a Figure 57, o ponto A recebe elétrons vindo do scattering todo a sua volta; o ponto B recebe metade desses elétrons; o ponto C um quarto. A exposição é feita durante tempo suficiente, em geral, para revelar B corretamente. Em conseqüência as bordas, como o ponto C, ficam prejudicadas. Observe que a vizinhança de uma estrutura influencia nas suas características. Isso é importante levar em consideração quando desejamos desenhar dispositivos idênticos, como transistores, capacitores, resistores, etc. Como regra para bom casamento de dispositivos temos que tantos os dispositivos como as regiões em sua volta devem ser iguais.
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Figure 57. Proximity effects em elétron beam ([Ze82]).
Electron Beam é usado 
· no desenvolvimento de protótipos: neste caso o tempo de gravação geralmente não é crítico. Há benefícios devido a maior resolução obtida com o feixe de elétrons e se evita a fabricação de um conjunto de máscaras (muito caro);
· para desenho de máscaras: neste caso a velocidade não é problema. A Figure 58 apresenta a formação das máscaras.
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Figure 58. Formação de máscara com electron beam.
Os passos na construção da máscara, quando se utiliza cromo, são:

1. Coat with resist (if not precoated blank).

· line resist, DNQ/Novolac chemistry,OCG895i 2.5 CS

2. Exposure - optical or ebeam
3. Develop in Solitec, APT or immersion.

· Sodium Hydroxide based, Shipley MF 351 Concentrate, DI:Mf 351 (4:1)

4. Rinse/Spin dry.

5. Etch in spray or immersion system: Chrome etch: cerric ammonium nitrate(CR-4,Cyantek Corp.)+ nitric acid, perchloric acid, acetic acid, cerric sulfate, etc.

6. Rinse

7. Strip resist in solvent : Sulfuric Acid+Hydrogen Peroxide(Nanostrip, Cyantek Corp.),NMP, Acetone or acid: Caro’s acid, sulfuric acid.

9. Clean in: detergent (CA40) acid/base (Ammonium hydroxide).

· Ion beam lithography. Whatever it is, nobody now would bet much money on it. Neste caso um feixe de ions é utilizado (Figure 54). Pode ser aplicado de forma semelhante ao electron bean e sensibilizar diretamente o foto resist. A vantagem do ion em relação ao elétron é que sua massa é maior e apresenta, como conseqüência, menores problemas com scattering. Com isso se aumenta a resolução. 
O ion bean pode também ser aplicado como “luz” para ser usado em máscaras. Como o ion tem maior energia que o fóton, luz, ele sensibiliza o resist mais facilmente.
 
A dificuldade, quase a impossibilidade, desta técnica esta na geração do feixe de ions.
· X-ray lithography. Large-scale efforts to use X-rays for lithography were already started in the eighties of the 20 century (involving huge electron synchrotons as a kind of light bulb for intense X-rays), but it appears that it is pretty dead by now.

Raio X permite maior resolução desde que seu  é menor. Um problema aqui é a fonte de raio X. Normalmente ela tem dimensões finitas, o que causa a formação de regiões de penumbra como mostra a Figure 59 (região ). A região de penumbra formada tem dimensão de
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Figure 59. Formação de penumbra em raio X ([Ze85]).
Máscaras para raio x são um outro problema (Figure 60). Elas são construídas sobre um substrato de silício. Sobre ele é depositado Boro e depois um filme de poliamido. Por fim, uma camada de ouro que absorve o raio x e será o elemento opaco da máscara. Sobre a camada de ouro é impresso o formato da máscara (através de electron bean). Após isto, um novo filme de poliamido é colocado por cima da camada de ouro para proteção deste. Como ultimo passo, se corrói o silício que apenas servia de suporte mecânico. A máscara é sustentada por um anel de pirex.
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Figure 60. Máscara para raio X ([Ze82]).
· Extreme UV lithography at a wave length around 10 nm. This is actually soft X-ray technology, but the word "X-ray lithography" is loaded with negative emotions by now and thus avoided. Since we have no lenses, we use mirrors. Sounds simple - but have you ever heard of mirrors for X-rays? Wonder why not? This is what the US and the major US companies favor at present.

Well, let us stop here. 

4. Etching Techniques (seção 6.5 de [Fo07])
Antes de falarmos sobre etching vamos ver o processo completo de construção de um CI. 
4.1 Process Integration (seção 5.2 de [Fo07])
We now have a crude idea of what we want to make, an integrated circuit. The question now is how we are going to do it. We start with a suitable piece of a Si crystal, a Si wafer. A wafer is a thin (about 650 µm) round piece of rather perfect Si single crystal with a typical diameter (in the year 2000) of 200 mm. Nowadays (2005) you would build your factory for 300 mm. On this wafer we place our chips, square or rectangular areas that contain the complete integrated circuit with dimensions of roughly 1 cm2 (a big one).


 

The chips will be cut with a diamond saw from the wafer and mounted in their casings. Between the chips - in the area that will be destroyed by cutting - are test structures that allow measuring certain technology parameters. “The (major) flat" of the wafer is aligned along a <110> direction and allows to produce the structures on the wafer in perfect alignment with crystallographic directions. It also served to indicate the crystallography and doping type of the wafer. 
Do not forget: Si is brittle like glass. Handling a wafer is like handling a thin glass plate - if you are not careful, it breaks.

How to get the chips on the wafer? In order to produce a CMOS structure as shown before, we essentially have to go back and forth between two basic process modules, material module and structuring module.

Material Module

The material module consists of:
· Deposit some material on the surface of the wafer (e.g. SiO2), or
· Modify material already there (e.g. by introducing the desired doping), or
· Clean the material present, or
· Measure something relative to the material (e.g. its thickness), or
· well, there are a few more points like this but which are not important at this stage.


Structuring module

The structuring module consists of:
· Transfer the desired structure for the relevant material into some light sensitive layer, called a photo-resist or simply resist (which is a very special electronic material!), by lithography, i.e. by projecting a slide (called a mask or more generally reticle) of the structure onto the light sensitive layer, followed by developing the resist akin to a conventional photographic process, and then
· Transfer the structure from the resist to the material by structure etching or other techniques.

The cycle in Figure 61 is repeated more than 20 times - and you have a wafer with fully processed chips.
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Figure 61. Cycle to implement a circuit.
For the most primitive transistor imaginable, a minimum of 5 lithographic steps are required. Each process module consists of many individual process steps and it is the art of process integration to find the optimal combination and sequence of process steps to achieve the desired result in the most economic way.

It needs a lot of process steps - most of them difficult and complex - to make a chip. Even a simple 5 mask process requires about 100 process steps. A 16 Mbit DRAM, for instance, needs about 19 masks and 400 process steps. To give an idea what this contains, here is a list of the ingredients for a 16 Mbit DRAM at the time of its introduction to the market (with time it tends to become somewhat simpler):

· 57 layers are deposited (such as SiO2 (14 times), Si3N4, Al, ...);
· 73 etching steps are necessary (54 with "plasma etching", 19 with wet chemistry);
· 19 lithography steps are required (including deposition of the resist, exposure, and development);
· 12 high temperature processes (including several oxidations) are needed;
· 37 dedicated cleaning steps are built in; wet chemistry occurs 150 times altogether;
· 158 measurements take place to assure that everything happened as designed.

Two questions come to mind:

How long does it take to do all this? The answer is: weeks if everything works and you never have to wait, and months considering that there is no such thing as an uninterrupted process flow all the time.

How large is the success rate? Well, let us do a back-of-the-envelope calculation and assume that each process has a success rate of x %. The overall yield Y of working devices is then 
Y = 100(x/100)N % with N = number of process steps. With N = 450 or 200 we have the rates shown in Table 5.
Table 5. Success rates.
	x 
	Y for N = 450
	Y for N = 200

	95%
	9,45 · 10–9 %
	3,51 · 10–3 %

	99%
	1,09 %
	13,4 %

	99,9%
	63,7 %
	81,9 %




 

In fact N = 200 might be more realistic, because many steps (especially controls) do not influence the yield very much. But whichever way we look at these numbers, there is an unavoidable conclusion: almost total perfection at each process step is absolutely necessary!

4.2 General Remarks (seção 6.51 de [fo07])
First we discuss etching techniques. Let us see what means to produce a structure by etching. Let us make, e.g., a contact hole in a somewhat advanced process (and do some of the follow-up processes for clarity). What the structure contains may look like with the Figure 62. The contact is filled with W and Al. It also is applied a layer of Ti and a layer of TiN to avoid diffusion.
Obviously, before you deposit the Ti/TiN diffusion barrier layer (and then the W, and so on), you must etch a hole through 3 oxide layers and a Si3N4 - and here we do not care why we have all those layers (the right hand side of the picture shows a few things that can go wrong in the contact making process, but that shall not concern us at present).
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Figure 62. Contact hole.
 There are some obvious requirements for the etching of this contact hole that also come up for most other etching processes.

1. You only want to etch straight down - not in the lateral direction. In other words, you want strongly anisotropic etching that only affects the bottom of the contact hole to be formed, but not the sidewalls (which are, after all, of the same material).

2. You want the ability to etch through several different layers in one process (as above), without provoking damage of any kind (including rough surfaces) to the layer where you stop to, even with extreme geometries (e.g. when you etch a trench for a capacitor: 0,8 µm in diameter and 8 µm deep). Ideally, whatever you do for etching will not affect Si (or whatever material you want not to be affected). In other words, you want a large selectivity (= ratio of etch rates).
3. You want perfect homogeneity and reproducibility all the time (e.g. all the about 200.000.000.000 trenches on one 300 mm wafer containing 256 Mbit DRAMs must be identical to the ones on the other 500 - 1000 wafers you etch today, and to the thousands you etched before, or are going to etch in the future).

4. and you also want reasonable etching rates (time is money).
Let us face it: this is tough! There is no single technique that meets all the requirements for all situations. Structure etching thus is almost always a search for the best compromise, and new etching techniques are introduced all the time. 

Here we can only scratch at the surface and look at the two basic technologies in use: Chemical or wet etching and plasma or dry etching.



 

4.2.1 
WET Chemical Etching (seção 6.5.2 de [Fo07])
Chemical etching is simple: find some (liquid) chemical that dissolves the layer to be etched, but that does not react with everything else.

O mecanismo de corrosão química envolve três passos: 

· O transporte dos reagentes até a superfície (por difusão, normalmente);
· A reação química que ocorre na superfície;
· Os produtos da reação são transportados para longe (o produto da reação deve ser solúvel).
Estes passos, e consequentemente o processo de corrosão, são afetados pela agitação da solução e pela temperatura. 
Um exemplo de solução para etching do Si é a composição de acido nítrico, HNO3, e ácido fluorídrico, HF, em água ou acido acético, CH3COOH. A reação de corrosão é dada abaixo
Si + HNO3 + 6HF  H2SiF6 + HNO2 + H2O + H2
Sometimes etching works, sometimes it doe not. Hydrofluoric acid (HF), for example will dissolve SiO2, but not Si - so there is an etching solution for etching SiO2 with extreme selectivity to Si. The other way around does not work: whatever dissolves Si, will always dissolve SiO2, too. At best you may come up with an etchant that shows somewhat different etching rates, i.e. some (poor) selectivity. Table 6 shows several etchants for different layers.
Anyway, the thing to remember is: chemical etchants, if existing, can provide extremely good selectivity and thus meet our second request from above.

How about the first request, anisotropy? Well, as you guessed: it is rotten, practically non-existent. A chemical etchant always dissolves the material it is in contact with. The forming of a contact hole would look like Figure 63.


 
A Figure 64 mostra o resultado de corrosões anisotrópica e isotrópica (como normalmente acontece com wet etching). O Grau de anisotropia de um etchant é medido pela relação
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onde vl é a velocidade de corrosão lateral e vv é a velocidade de corrosão vertical.
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Figure 63. Corrosão isotrópica.

Table 6. Etchants for several layers ([Ze85]).
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Figure 64. Corrosão isotrópica, b), e anisotrópica c) ([Ze85]).
There is a simple and painful consequence of the isotropy: as soon as your feature size is about 2 µm or smaller, forget chemical structure etching.

Really? How about making the opening in the mask smaller, accounting for the increase in lateral dimensions? You could do that - it would work. But it would be foolish: if you can make the opening smaller, you also want your features smaller. In real life, you put up a tremendous effort to make the contact hole opening as small as you can, and you sure like hell do not want to increase it by the structure etching!

Does that mean that there is no chemical etching in Si microelectronics? Far from it. There just is no chemical structure etching any more. But there are plenty of opportunities to use chemical etches. Let us list a few:
· Etching off whole layers. Be it some sacrificial layer after it fulfilled its purpose, the photo resist, or simply all the CVD layers or thermal oxides which are automatically deposited on the wafer backside, too - they all must come off eventually and this is best done by wet chemistry.
· Etching coarse structures, e.g. the opening in some protective layers to the large Al pads which are necessary for attaching a wire to the outside world.
· Etching off unwanted native oxide on all Si or poly-Si layers that were exposed to air for more than about 10 min.
· All cleaning steps may be considered to be an extreme form of chemical etching. Etching off about 1,8 nm of native oxide might be considered cleaning, and a cleaning step where nothing is changed at the surface, simply has no effect.

While these are not the exciting process modules, experienced process engineers know that this is where trouble lurks. Many factories have suffered large losses because the yield was down - due to some problem with wet chemistry.

A totally new field, just making it into production for some special applications, is electrochemical etching. A few amazing (and not yet well understood) things can be done that way.
4.2.2 DRY Plasma Etching (seção 6.5.3 de [Fo07])
Plasma etching, also known as dry etching (in contrast to wet etching) is the universal tool for structure etching since about 1985. In contrast to all other techniques around chip manufacture, which existed in some form or other before the advent of microelectronics, plasma etching was practically unknown before 1980 and outside the microelectronic community.

Plasma é uma mistura gasosa quase neutra, composta de espécies neutras, de radicais, de ions e de elétrons, que produzirá ou catalisará a reação de etching. O plasma é criado quando um campo elétrico de alta magnitude é aplicado ao gás e causa sua ionização. Elétrons livres presentes no gás são acelerados e colidem com as moléculas do gás e pode gerar radicais, ions e elétrons. Os exemplos abaixo mostram o caso da ionização simples onde são gerados ions e elétrons:

Ar + e- Ar+ + 2e-
O2 + e-  O2+ + 2e-
Quando se têm gases moleculares, além da ionização pode ocorrer concorrentemente a fragmentação de moléculas. Neste caso se diz que ocorre ionização dissociativa, como os exemplos
CF4 + e-  CF3+ + F + 2e-  

(dissociative ionization)
CF4 + e-  CF3+ + F- + e- 
(dissociative ionization with attachment) 
Outra possibilidade é ocorrer a fragmentação das moléculas sem ionização e a formação de radicais, como por exemplo (molecular dissociation and radical formation):
O2 + e-  2O + e-
CF3Cl + e-  CF3 + Cl + e-
CF4 + e-  CF3 + F + e-
There are a million times more radicals than ions or electrons in the plasma, since the formation of radical forms require lower energy and their lifetime are much longer. Typical plasma contains the following species density:
· Neutral Molecules



10e16/cm3

· Radicals 




10e14/cm3

· Electrons 




10e8/cm3

· Positive ions 




10e8/cm3

Plasma etching é o nome genérico dado a vários processos de corrosão. Entre eles temos:
1. Ion beam etching (called RIBE for "reactive ion beam etching" or sputter etching). The etching process with high energy ions extracted from some plasma source is purely physical/mechanical. Aqui os ions/elétrons com alta energia transferem energia para os átomos da superfície a ser corroída e estes são removidos. RIBE has all kinds of problems and is rarely used in its undiluted form. A Figure 65 mostra o equipamento para ion beam etching.
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Fig. 11 An 1f diode system for reactive ion etching. The cathode is the powered electrode, while internal
grounded parts of the system serve as the anode. Note that the area of the cathode is much smaller than the
area of the anode. The plasma is unconfined and fills the entire chamber. The ground shield prevents
sputtering of the enclosed portions of the powered electrode.




Figure 65. Equipamento para ion beam etching ([Ze82]).
2. Chemical etching in plasma (ou Plasma-etching): Neste caso o plasma serve para formar radicais que são mais reativos do que as substâncias originais. Por exemplo, o CF4 é relativamente inerte e não reage com o Si. Quando a descarga é iniciada em CF4 forma-se o radical F que reage espontaneamente com o Si, produzindo SiF4 que é volátil. Uma situação similar ocorre com o O2 que não ataca o foto-resist mas o oxigênio atômico, produzido com plasma, rapidamente converte o resist em produtos voláteis como CO, CO2 e H2O. O papel dos ions com alta energia é pequeno neste tipo de etching. A Figure 66 mostra o equipamento para Chemical etching in a plasma. O processo de Chemical etching in a plasma ocorre em cinco passos (Figure 67): 
1. o processo se inicia gerando as espécies que farão o etch pelo plasma;
2. o reagente é transportado por difusão para a superfície do material;

3. o reagente é absorvido pela superfície;

4. segue a reação química que forma componentes voláteis (há também ions que atingem a superfície com energia e ajudam na corrosão);

5. os componentes voláteis se desprendem da superfície, são difundidos no gás e bombeados para fora.
This process is widely used for hard-to-wet-etch layers, in particular photo resist (which is simply "burned off" in an O -plasma). This was the first dry etch process to hit production.
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Fig. 13 A parallel-plate plasma etching system. The plasma is largely confined to the region between the
powered electrode and the grounded wafer platen. Confinement tends to increase the plasma potential.




Figure 66. Equipamento para Chemical Etching in a plasma ([Ze82]).
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Figure 67. Passos do Chemical Etching in plasma ([Ze85]).
3. Chemical-physical etching called RIE for "reactive ion etching". Here we mix everything from above and this is where it becomes complicated but powerful. This is what we use for all critical etch processes.
Neste caso há a corrosão devido aos radicais criados no plasma. Adicionalmente a isso, ions colidindo com a superfície ajudam a retirada das substâncias que resultam da reação. Também durante essas colisões criam-se danos na superfície do material a ser corroído, o que acelera a processo. Com a escolha certa de gases reagentes, campo elétrico, geometria do reator pode-se fazer um etch anisotrópico. O anisotropismo ocorre pois, durante a corrosão, polímeros formados no plasma, reagentes parcialmente decompostos e substancias resultantes da corrosão acumulam sobre as superfícies. Nas superfícies horizontais, no entanto, essas substâncias são varridas pelos ions do plasma; nas superfícies laterais (onde não queremos que haja a corrosão) isso pouco acontecerá. Assim as superfícies laterais ficam protegidas e a corrosão ai será reduzida. Campos elétricos direcionados e baixa pressão tendem a enriquecer o bombardeio vertical e melhorar a desejada característica de anisotropia.
What is Plasma etching? In the simplest way of looking at it, you just replace a liquid etchant by plasma. So what you have to do is to somehow produce a plasma of the right kind between some electrode and the wafer to be etched. If all parameters are right, your wafer might get etched the way you want it to happen. If we naively compare chemical etching and plasma etching for the same materials to be etched – let us take SiO2 - we note major differences:

 

	Chemical etching of SiO2
	Plasma etching of SiO2

	Etchant: HF + H2O (for etching SiO2).

	Gases: CF4 + H2 (or almost any other gas containing F).


	Species in solution: F–, HF–, H+SiO42–, SiF4, O2 - whatever chemical reactions and dissociation produces. 

	Species in plasma and on wafer: CFx+ (x < 3), and all kinds of unstable species not existent in wet chemistry.
Carbon based polymers, produced in the plasma which may be deposited on parts of the wafer. 


	Basic processes: SiO2 dissolves

	Etching of SiO2, formation of polymers, deposition of polymers (and other stuff) and etching of the deposited stuff, occurs simultaneously


	Driving force for reactions: Only "chemistry", i.e. reaction enthalpies or chemical potentials of the possible reactions; essentially equilibrium thermodynamics

	Driving force for reactions: "Chemistry", i.e. reaction enthalpies or chemical potentials of the possible reactions, including the ones never observed for wet chemistry, near equilibrium,
and “non-equilibrium physical processes", i.e. mechanical ablation of atoms by ions with high energies.


	Energy for kinetics: Thermal energy only, i.e. in the 1 eV range

	Energy for kinetics: Thermal energy, but also kinetic energy of ions obtained in an electrical field. High energies (several eV to hundreds of eV) are possible.


	Anisotropy: None; except some possible {hkl} dependence of the etch rate in crystals.

	Anisotropy: Two major mechanisms 
1. Ions may have a preferred direction of incidence on the wafer.
2. Sidewalls may become protected through preferred deposition of e.g. polymers 
Completely isotropic etching is also possible


	Selectivity: Often extremely good

	Selectivity: Good for the chemical component, rather bad for the physical component of the etching mechanism. Total effect is open to optimization.



	


If that looks complicated, if not utterly confusing, that is because it is (and you thought just chemistry by itself was bad enough).

Plasma etching still has a strong black art component, even so a lot of sound knowledge has been accumulated during the last 20 years, and it exists in countless variants, even for just one material. The many degrees of freedom (all kind of gases, pressure and gas flux, plasma production, energy spread of the ions, ...), or more prosaically, the many buttons that you can turn, make process development tedious on the one hand, but allow optimization on the other hand. The two perhaps most essential parameters are: 1. the relative strength of chemical (radical) to physical (ions) etching, and 2. the deposition of polymers or other layers on the wafer, preferably on the sidewalls for protection against lateral etching. 
The physical part provides the absolutely necessary anisotropy, but lacks selectivity. The chemical part, on the contrary, provides selectivity. 

Polymer deposition, while tricky, is often the key to optimized processes. In our example of SiO2 etching, general findings are:
· Si and SiO2 are etched in this process, but with different etch rates that can be optimized;

· The (chemical) etching reaction is always triggered by an energetic ion hitting the substrate (this provides good anisotropy).
· The tendency to polymer formation scales with the ratio of F/H in the plasma. The etching rate increases with increasing F concentration; the polymerization rate with increasing H concentration.
· Best selectivity is obtained in the border region between etching and polymer formation. This will lead to polymer formation (and then protecting the surface) with Si, while SiO2 is still etched. The weaker tendency to polymer formation while etching SiO2 is due to the oxygen being liberated during SiO2 etching which oxidizes carbon to CO2 and thus partially removes the necessary atoms for polymerization.
5. Si Oxide (seção 6.2 de [Fo07])
5.1 The Importance of Silicon Dioxide (seção 6.21 de [Fo07])
Silicon would not be the "miraculous material" without its oxide, SiO2, also known as ordinary quartz in its bulk form, or as rock crystal if you find it in single crystal form (and relatively pure) somewhere out there in the mountains. Not only the properties of Si - especially the achievable crystalline perfection in combination with the bandgap and easy doping - but also the properties of SiO2 are pretty much as one would have wished them to be for making integrated circuits and other devices.

From the beginning of integrated circuit technology - say 1970 - to the end of the millennium, SiO2 was a key material that was used for many different purposes. Only now (around 2004), industry has started to replace it for some applications with other, highly "specialized" dielectrics.

What is so special about SiO2? 
1. First of all, it comes in many forms: There are several allotropes (meaning different crystal types) of SiO2 crystals; the most common (stable at room temperature and ambient pressure) is "low quartz" or a-quartz, the quartz crystals found everywhere. But SiO2 is also rather stable and easy to make in amorphous form. It is amorphous SiO2 - homogeneous and isotropic - that is used in integrated circuit technology. 
2. SiO2 has excellent dielectric properties. Its relative dielectric constant κ is about 3.7 - 3.9 (depending somewhat on its structure). This was a value large enough to allow decent capacitances if SiO2 is used as capacitor dielectric, but small enough so that the time constant R.C (which describes the time delay in wires having a resistance R and being insulated by SiO2, and thus endowed with a parasitic capacitance C that scales with κ) does not limit the maximum frequency of the devices. It is here that successors for SiO2 with larger or smaller κ values are needed to make the most advanced devices (which hit the market around 2002).
3. It is among the best insulators known and has one of the highest break-through field strengths of all materials investigated so far (it can be as high as 15 MV/cm (1,5 V/nm)) for very thin layers; compare that with the values given for normal "bulk" dielectrics, Table 7).
4. The electrical properties of the Si - SiO2 interface are excellent. This means that the interface has a very low density of energy states (akin to surface states) in the bandgap and thus does neither provide recombination centers nor introduce fixed charges.
Table 7. Critical field strengths for certain dielectric materials.
	Material
	Critical Field Strength
[kV/cm]

	Oil
	200

	Glass, ceramics
	200...400

	Mica
	200...700

	Oiled paper
	1800

	Polymers
	50...900

	SiO2 in ICs
	> 10 000


 
5. SiO2 is relatively easy to make with several quite different methods, thus allowing a large degree of process leeway.
6. It is also relatively easy to structure, i.e. unwanted SiO2 can be removed selectively from Si (and some other materials) without many problems.
7. It is very stable and chemically inert. It essentially protects the Si or the whole integrated circuit from rapid deterioration in a chemically hostile environment (provided simply by humid air which will attack most "unprotected" materials).

O óxido de silício tem estrutura não cristalina amorfa como indicado na
Figure 68. Os espaços vagos deixados pelo óxido podem abrigar impurezas e facilitam sua difusão. 
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Figure 68. Estrutura do óxido de silício ([Ze85]).

 5.2.1 
Integrated MOS Transistors and Oxide Applications (seção 5.1.4 de [Fo07])
MOS transistors are quite different from bipolar transistors - not only in their basic function, but also in the way they are integrated into a Si substrate. Let us first look at the basic structure (Figure 69).
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Figure 69. Transistor MOS basic structure.
We have a source and drain region in the Si (doped differently with respect to the substrate) with some connections to the outside world symbolically shown with the blue rectangles. Between source and drain is a thin gate dielectric - often called gate oxide - on top of which we have the gate electrode made from some conducting material that is also connected to the outside world.

To give you some idea of the real numbers: the thickness of the gate dielectric is below 10 nm, the lateral dimension of the source, gate and drain region is well below 1 µm.



 

 

If we integrate MOS transistors now, it first appears (wrongly!) that we can put them into the same Si substrate as shown on Figure 70.
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Figure 70. Transistor MOS wrong structure.
There seems to be no problem. The transistors are insulated from each other because one of the pn-junctions between them will always be blocking. However: we must also consider "parasitic transistors" not intentionally included in our design (Figure 71).
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Figure 71. Parasitic transistor MOS.
If in the space between transistors a wire is crossing on top of the insulating layer, as shown in the illustration, it will, on occasion, be at high potential. The drain of the left transistor together with the source of the right transistor will now form a parasitic transistor with the insulating layer as the gate dielectric, and the overhead wire as the gate electrode. Everything being small, the threshold voltage may be reached and we have a current path where there should be none. 

This is not an academic problem, but a typical effect in integrated circuit technology, which is not found in discrete circuits. Besides the element you want to make, you may produce all kinds of unwanted elements, too: parasitic transistors, capacitors, diodes, and even thyristors.





 

The solution is to make the threshold voltage larger than any voltage that may occur in the system. The way to do this is to increase the local thickness of the insulating dielectric. This gives us the structure in the Figure 72.
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Figure 72. Parasitic transistor MOS with field oxide.
How we produce the additional insulator called field oxide between the transistors will concern us later; here it serves to illustrate two points: 
· Insulation is not just tricky for bipolar transistors, it is a complicated business with MOS technology, too.

· There is now some "topology" - the interfaces and surfaces are no longer flat. Looks trivial, but constitutes one of the major problems of large-scale integration!
Note that the gate - substrate part of a MOS transistor is, in principle, a capacitor. So we can now make capacitors, too. However, if we need a large capacitance - say some 50 fF (femto Farad) - we need a large area (several µm2) because we can not make the dielectric arbitrarily thin - we would encounter tunneling effects, early breakdown, or other problems. So we have to have at least a thickness of around 5 nm of SiO2. If the capacitor area than gets too large, the escape road is the third dimension: You fold the capacitor! Either into the substrate, or up into the layers on top of the Si. The "simple" way of folding integrated capacitors into the substrate is shown in the right hand side of the Figure 73 illustration.
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Figure 73. Planar capacitor, left, and “trench” capacitor, right.
The planar capacitor (on the left) and the "trench" capacitor (on the right) have a doped region in the Si for the second electrode, which must have its own connection - in the drawing it is only shown for the trench capacitor. We learn two things from that:
1. 
Large scale integration has long since become three-dimensional - it is no longer a "planar technology" as it was called for some time. This is not only true for truly three-dimensional elements like the trench capacitor, but also because the processes tend to make the interfaces rough as we have seen already in the case of the field oxide;

2. 
The names for certain features generally accepted in the field, are on occasion simply wrong! The capacitor shown above is not folded into a trench (which is something deep and long in one lateral direction, and small in the other direction), but into a hole (deep and small in both lateral directions). Still, everybody calls it a trench capacitor.

The key processes for ICs more complex than, say, a 64 Mbit memory, are indeed the processes that make the surface of a chip halfway flat again after some process has been carried out.
There is a special message in this subchapter: integrating MOS transistors, although supposedly simpler than bipolar transistors (you do not need all those pn-junctions), is far from being simple or obvious. It is again intricately linked to specific combinations of materials and processes and needs lots of ingenuity, too.

5.2.2 
Si Oxide Applications
What are the uses of SiO2? Above, some of them were already mentioned. Here we just list them a bit more systematically. If you do not quite understand some of the uses - do not worry, we will come back to it.

· Gate oxide for Transistors
· Dielectric in Capacitors
· Insulation
· Stress relieve layer
· Masking layer
· Screen oxide during Implantation
· Passivation
Gate oxides: As we have seen before, we need a thin dielectric material to insulate the gate from the channel area. We want the channel to open at low threshold voltages and this requires large dielectric constants and especially no charges in the dielectric or at the two interfaces. Of course, we always need high break through field strength, too. 
Problems with SiO2 Gates (high-κ material)

Silicon dioxide has been used as a gate oxide material for decades. The gate oxide in a MOSFET can be modeled as a parallel plate capacitor. Ignoring quantum mechanical and depletion effects from the Si substrate and gate, the capacitance C of this parallel plate capacitor, by area unit, is given by
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where κ is the relative dielectric constant of the material, ε0 is the permittivity of free space, and tox is the thickness of the capacitor oxide insulator.

The drive current ID for a MOSFET can be written (using the gradual channel approximation) as
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where W is the width of the transistor channel, L is the channel length, μ is the channel carrier mobility (assumed constant here), Cinv is the capacitance by area associated with the gate dielectric when the underlying channel is in the inverted state, VG is the voltage applied to the transistor gate, VD is the voltage applied to the transistor drain, and VT is the threshold voltage.

The drain current relation tells us that to have higher current it is important to increase the Cinv value. As transistors have decreased in size, the thickness of the silicon dioxide gate dielectric has steadily decreased to increase the gate capacitance and thereby the drive current and the device performance. 
As the thickness scales below 2 nm, gate leakage currents due to tunneling and risks of oxide breakdown due to the electrical field increase drastically, leading to unwieldy power consumption and reduced device reliability. Since leakage limitation constrains further reduction of t, an alternative method to increase gate capacitance is to alter κ by replacing silicon dioxide with a high-κ material. In such a scenario, a thicker gate layer might be used which can reduce the leakage current flowing through the structure as well as improving the gate dielectric reliability. Figure 74 shows the comparison between SiO2 and a high-κ dielectric.



Figure 74. Conventional silicon dioxide gate dielectric structure compared to a potential high-κ dielectric structure.
Dielectrics in integrated capacitors: Capacitors with high capacitance values at small dimensions are needed for so-called dynamic random access memories (DRAM), one of the most important integrated circuits (in terms of volume production). You want something like 30 fF (femtofarad) on an area of 0.25 µm2. The same issues as above are crucial, except that a large dielectric constant is even more important. While SiO2 was the material of choice for many DRAM generations (from the 16 kbit DRAM to the 1 Mbit DRAM), starting with the 4 Mbit generation in about 1990, it was replaced by a triple layer of SiO2 - Si3N4 - SiO2, universally known as "ONO" (short for oxide - nitride – oxide, Figure 75); a compromise that takes not only advantage of the relatively large dielectric constant of silicon nitride (around 7.5) while still keeping the superior quality of the Si - SiO2 interface, but has a few added benefits - at added costs, of course.
 
Observemos que quanto maior a constante dielétrica do material, maior a permitividade e, por fim, a capacitância que terá o capacitor que usa esse material como isolante. É interessante para construção de capacitores usar então materiais com alta constante dielétrica. Também no caso do transistor MOS, com a utilização de materiais de alta constante pode-se manter, para um dado Cox, o espessura do óxido de porta maior.
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Figure 75. HRTEM of gate oxide, left, and of the ONO (oxide-nitride-oxide) structure, right.
Insulation: Some insulating material is needed between the transistors in the Si as well as between the many layers of wiring on the chip. SiO2 was (and still is) the material of choice. However, here we would like to have a material with a small dielectric constant, ideally 1, minimizing the parasitic capacitance between wirings and, in consequence, the interconnection delays. Figure 76 shows that the interconnection delays are, for the most advanced technologies, as high as the gate delay. SiO2 have been replaced in this case with different kinds of dielectric since 2003.
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Figure 76. Transistor delay versus Interconnection delay.
Stress relieve layer: SiO2 becomes "viscous" at high temperatures - it is a glass, after all. While it is a small effect, it is large enough to absorb the stress that would develop between unyielding materials, e.g. Si3N4 on Si, if it is used as a "buffer oxide", i.e. as a thin intermediary layer.
 


Masking: Areas on the Si which are not to be exposed to dopant diffusion or ion implantation must be protected by something impenetrable and that also can be removed easily after "use". It is SiO2, of course, in many cases.
 

"Screen oxides" provide one example of so-called sacrificial layers which have no direct function and are disposed off after use. A screen oxide is a thin layer of SiO2 which stops the low energy debris that comes along with the high-energy ion beam - consisting, e.g., of metal ions that some stray ions from the main beam banged off the walls of the machine. All these (highly detrimental) metal and carbon ions get stuck in the screen oxide (which will be removed after the implantation) and never enter the Si. In addition, the screen oxide scatters the main ion beam a little and thus prevents "channeling", i.e. deep penetration of the ions if the beam happens to be aligned with a major crystallographic direction.

Passivation: After the chip is finished, it has to be protected from the environment and all bare surfaces need to be electrically passivates. It is done with SiO2 (or a mixture of oxide and nitride).
 


Enough reasons for looking at the oxide generation process a little more closely? If you think not - well there are more uses, just consult the list of processes for a 16 Mbit DRAM: you will need SiO2 about 20 times!

5.2 Si Oxide Formation (seção 6.21 de [Fo07])
How is SiO2 made - in thin layers, of course? There are essentially three quite distinct processes with many variations: 

· Spin-on glass (SOG). Here a kind of polymeric suspension of SiO2 dissolved in a suitable solvent is dropped on a rapidly spinning wafer. The centrifugal forces spread a thin viscous layer of the stuff on the wafer surface which upon heating solidifies into (not extremely good) SiO2. It is not unlike the stuff that was called "water glass" or "liquid glass" and that your grandma used to conserve eggs in it.

· Thermal oxidation. This means that a solid state reaction (Si + O2 → SiO2) is used: Just expose Si to O2 at sufficiently high temperatures and an oxide will grow to a thickness determined by the temperature and the oxidation time.
· CVD oxide deposition. In complete analogy to the production of poly-Si by a CVD (= chemical vapor depositions) process, we can also produce SiO2 by taking the right gases and deposition conditions.

There is one more method that is, however, rarely used - and never for mass production: anodic oxidation. Anodic oxidation uses a current impressed on a Si - electrolyte junction that leads to an oxidation reaction. While easy to understand in principle, it is not very well understood in practice and an object of growing basic research interest.

Dependendo da função do óxido e da espessura de óxido desejada, há processos mais ou menos adequada para formá-lo. Por exemplo, quando a interface entre óxido e silício deve ter baixa concentração de estados de interface e o óxido deve ser denso a melhor maneira para formá-lo é por oxidação térmica; quando o óxido é utilizado como máscara, não havendo necessidade de qualidade, pode ser formado por qualquer dos três métodos; quando o óxido é colocado após já ter sido depositado alumínio haverá a restrição de não se poder aumentar a temperatura da lamina (caso contrário, o alumínio reage com o silício) e não se pode usar oxidação.
5.2.1 
Spin-on Techniques

Spin-on techniques, a special variant of so-called sol-gel techniques, start with a liquid (and usually rather viscous) source material, that is "painted" on the substrate and subsequently solidified to the material you want.
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Figure 77. The spinning technique.
The "painting" is not done with a brush (although this would be possible), but by spinning the wafer with some specified rpm value (typically 5000 rpm) and dripping some of the liquid on the center of the wafer (Figure 77). Centrifugal forces will distribute the liquid evenly on the wafer and a thin layer (typically around 0,5 µm) will be formed. Solidification may occur as with regular paint: the solvent simply evaporates with time. This process might be accelerated by some heating. Alternatively, some chemical reaction might be induced in air, again helped along by some "baking" as it is called.


As a result you obtain a thin layer that is rather smooth - nooks and crannies of the substrate are now planarized to some extent. The film thickness can be precisely controlled by the angular velocity of the spin process (as a function of the temperature dependent viscosity of the liquid).


The spin-on coating is the technique of choice for producing the light-sensitive photo resist necessary for lithography. The liquid resist rather resembles some viscous paint, and the process works very well. 

Most of the materials do not have suitable liquid precursors, and, in consequence, the spin-on technique can not be used. 
A noteworthy exception, however, is spin-on glass, a form of SiO2 mentioned before. In this case the liquid consists basically of Silicon-tetra-acetate (Si(CH2COOH)4) (and some secret additions) dissolved in a solvent. It will solidify to an electronically not-so-good SiO2 layer around 200 oC.
Using spin-on glass is about the only way to fill the interstices between the Al lines with a dielectric at low temperatures. The technique thus has been developed to an art, but is rather problematic. The layers tend to crack (due to shrinkage during solidifications), do not adhere very well, and may interact detrimentally with subsequent layers.

5.2.2 
Thermal Oxidation

The thermal oxidation was (and to a large extent still is) one of the key processes for making integrated circuits. While it may be used for "secondary" purposes like protecting the bare Si surface during some critical process (remember the "screen oxide" from above?), its major use is in four areas:
· Gate oxide (often known as "GOX");

· Capacitor dielectric, either as "simple" oxide or as the "bread" in an "ONO" (= oxide-nitride-oxide sandwich)(Figure 75);

· Field oxide (FOX) - the lateral insulation between transistors.
Figure 78 illustrates the GOX and the FOX. We must realize, however, that these drawings are never scaled. The gate oxide is only around 10 nm thick, whereas the field oxide (and the insulating oxide) is in the order of 500 nm. 
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Figure 78. GOX and FOX illustration.
Antes de falar mais sobre a oxidação térmica, chamemos a atenção para o fato de que a interface óxido–Si na oxidação cresce para dentro do silício e consome átomos de silício. Também lembremos que o espaço ocupado por uma molécula de SiO2 é maior do que aquele ocupado por um átomo de Si, algo um pouco superior a duas vezes. Como conseqüência, o crescimento do óxido causa o abaixamento da superfície do silício e a elevação da superfície de óxido em relação ao nível original (Figure 79). A conseqüência disso é que a oxidação térmica, quando usada para produzir óxido espesso em certas regiões, por exemplo para formar o field oxide, causa ondulações na superfície da lamina.
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Figure 79. Growth of Si by thermal oxidation ([Ze85]).
There are essentially two ways to do a thermal oxidation.

· "Dry oxidation", using the reaction



2 Si + O2  2 SiO2

            
(800 oC - 1100 oC)   



 This is the standard reaction for thin oxides. Oxide growth is rather slow and easily controllable. To give an example: growing 700 nm oxide at 1000 oC would take about 60 hr - far too long for efficient processing. But 7nm takes only about 15 min, and that is now too short for precise control.
Observemos que quanto maior a temperatura melhor a qualidade do óxido. Por outro lado, aumenta os efeitos colaterais como a difusão das impurezas em outras porções da lamina.

· "Wet oxidation", using the reaction 

Si + 2 H2O     SiO2 + 2 H2 

(800 oC - 1100 oC)

The growth kinetics is about 10x faster than for dry oxidations; this is the process used for the thick field oxides. Growing 700 nm oxide at 1000 oC now takes about 1.5 hr - still pretty long but tolerable. Thin oxides are never made by this way.

Observemos que o wet oxidation produz um óxido de pior qualidade, pois o hidrogênio liberado na reação produz imperfeições no óxido, e com espessura pobremente controlada.
In both cases the oxygen (in the form of O, O2, OH–, or whatever) has to diffuse through the oxide already formed to reach the Si - SiO2 interface where the actual reaction takes place. This becomes more difficult for thick oxides. The reaction after some time of oxide formation is always diffusion limited. The thickness xox of the growing oxide in this case follow a general "square root" law, i.e. it is proportional to the diffusion length L = (Dt)1/2 (D = diffusion coefficient of the oxygen carrying species in SiO2; t = time). We thus have a general relation of the form
xox = const.(D · t)1/2
For short times or thin oxide thicknesses (about < 30 nm), a linear law is found

xox = const. t
In this case the limiting factor is the rate at which O can be incorporated into the Si - SiO2 interface.

This kind of behavior - linear growth switching to square root growth - can be modeled quite nicely by a not too complicated theory known as the Deal-Grove model. 
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Fig. 2 Basic model for thermal oxidation of silicon. (After Deal and Grove, Ref. 4.)




Figure 80. Basic model for thermal oxidation ([Ze82]).
Vamos estudar agora o modelo de Deal-Grove em maior detalhe. Considere a Figure 80 com as três regiões que interessam no processo, o Si, o SiO2 e o gás de onde virá o oxidante. Sejam os seguintes fluxos:
F1 = fluxo do oxidante (gás O2 ou H20) do meio para a superfície do óxido;
F2 = fluxo do oxidante da superfície do óxido até a superfície do silício;
F3 = fluxo do oxidante dentro do silício (reação de oxidação).
Podemos escrever que 

F1 = hG(CG – CS)

onde
hG é o gas-phase mass-transfer coefficient;
CG é a concentração do oxidante no meio (fase gasosa);

CS é a concentração do oxidante junto a superfície do óxido (fase gasosa).
Para determinar a concentração do oxidante na superfície, C0, do óxido podemos usar a lei de Henry

C0 = H.ps
onde
H é a constante da lei de Henry;

ps é a pressão parcial do oxidante na superfície.
A pressão parcial esta relacionada com a concentração gasosa CS através da constante KT, como mostra a relação abaixo:

CS = ps/(KT)

Pelas relações acima podemos relacionar o fluxo F1 com a concentração na superfície, C0, como mostra a equação 
F1 = h(C* – C0)

onde
h = hG/(HKT);

C* = CG(HKT).
F2, por sua vez, é causado pela difusão do oxidante ao longo do óxido e é dado por
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onde 
D é constante de difusão do oxidante no óxido;

C(x) é a concentração de oxidante na posição x.
No equilíbrio, todo o oxidante que entra pela superfície meio-óxido chega a superfície óxido-silício e teremos
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onde 
Ci é a concentração do oxidante na superfície do silício;

Xox é a espessura do óxido.
Por fim o fluxo F3 depende da velocidade de reação entre oxidante e silício
F3 = ksCi
onde ks é uma constante relacionada com a taxa da reação química.

No equilíbrio os três fluxos devem ser iguais, ou seja 

F1 = F2 = F3
Podemos então, com as relações acima, estabelecer que:
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Para relacionar F3 com a variação da espessura do óxido utilizaremos a constante N1 que é o número de oxidantes incorporados em uma unidade de volume cubico do óxido. Com esta constante podemos escrever que 
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O SiO2 tem 2,2.1022 moleculas/cm3, e a cada molécula formada deve ser incorporada uma molécula de O2 ou duas de H2O, para a oxidação dry ou wet. Assim, N1 = 2,2.1022 moléculas para oxidação dry e N1 = 4,4.1022 moléculas para oxidação wet. 
A partir da solução da equação acima, se pode determina como xox varia com o tempo, que é:
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onde 
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 e di é a espessura inicial do óxido.
Com esta relação podemos obter o comportamento relatado acima (crescimente ora linear ora quadrático no tempo). Assim para 
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Por essa razão 
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[image: image108.wmf]Bt

x

ox

=


Por essa razão B é chamada constante da taxa parabólica. 

Variações na temperatura, na pressão, na orientação do cristal, na presença e concentração de impurezas no Si e no óxido, no stress mecânico do óxido e nas condições iniciais da superfície do Si alteram as constantes A, B e  e, consequentemente, a taxa de oxidação.

O aumento de temperatura, por exemplo, aumentará a constante de difusão e o valor das constantes A e B que influenciam na velocidade de oxidação. A Figure 81 mostra como as constantes da taxa linear e da taxa parabólica dependem da temperatura.
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Figure 81. Constantes da taxa linear e da taxa parabólica em função da temperatura ([Ze85]).
O aumento na pressão, por sua vez, aumenta C* e consequentemente o valor de B. A Figure 82 mostra como isso afeta na velocidade de oxidação. Observemos que a velocidade da oxidação wet é maior pois C* do H2O é cerca de três ordens de grandeza superior ao do O2. Mesmo sendo a difusibilidade do O2 no óxido maior, isso não compensa a diferença entre os C*s.
A Tabela 8 mostra que a constante A varia com a orientação cristalográfica. A razão disso é que a densidade de átomos de Si que aparecem na superfície do cristal para participarem da reação de oxidação depende dessa orientação, e assim a constante ks e a constante A que depende desta última.
[image: image111.jpg]4.0

- (111) —-emm

(100) —o— -

OXIDE THICKNESS (pum)

L1l 1 1 [ | 1 1
o'010.6 1 10 40

STEAM PRESSURE (atm)

Fig. 10 Oxide thickness as a function of steam pressure and temperature -




Figure 82. Oxide thickness as a function of pressure and temperature ([Ze85]).
Tabela 8. Dependência das constantes da reação com a orientação cristalina ([Ze82]).
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A presença de impurezas no silício ou no oxidante também modifica a velocidade da oxidação (Figure 83), normalmente acelerando a reação pois a torna mais fácil de ocorrer. Uma impureza interessante em se ter no óxido é o cloro pois trás diversas vantagens: acelera a velocidade de oxidação, reduz a densidade estados de interface óxido-silício, deixa ions no óxido que capturam ions positivos (Na+, por exemplo) e aumenta a tensão de ruptura do óxido. Ela é obtida com o com HCl gasoso misturado ao meio oxidante. 
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Figure 83. Linear and parabolic constants versus % HCL concentration ([Ze85]).
Como conclusão, temos que para se obter um melhor resultado na oxidação deve-se manipular vários parâmetros do processo tais como a temperatura, a pressão, o tempo, a presença e concentração das impurezas, etc.
Some results of experiments and modeling are shown in Figure 84. The solid curves were calculated with the Deal-Grove model after parameter adjustment, the circles indicate experimental results. The theory seems to be pretty good!.
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Figure 84. Experimental results for dry oxidation, left, and wet oxidation, right.
However, for very thin oxides - and those are the ones needed for GOX or capacitors - things are even more complicated as shown in Figure 85. The (red) points are data points from an experiment (at an unusually low temperature); the blue curve (the straight line) is the best Deal-Grove fit under the (not justified) assumption that at t = 0 an oxide with a thickness of about 20 nm was already present. The Deal-Grove model is clearly inadequate for the technologically important case of very thin oxides and experimentally an exponential law is found for the dependence of the oxide thickness on time for very short times.
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Figure 85. Experimental results for thin oxide.

And this is only about the thickness! If we consider the properties of the oxide, e.g. the amount of fixed charge or interface charge, its etching rate, or - most difficult to assess - how long it will last when the device is used, things become most complicated. An oxide with a nominal thickness dox can be produced in many ways: dry or wet oxidation, high temperatures and short oxidation times, low or high pressure, or the other way around - its properties, however, might be very different. 

Obs.: Learning about microelectronic processes involves very little Math; and "theory" is needed only at an elementary to medium level! But this does not make the issue trivial - quite the contrary. If you would have a theory - however complicated - that predicts all oxide properties as a function of all variables, process development would be easy. But presently, even involved theories are mostly far too simple to come even close to what is needed. On an advanced level of real process development, it is the interplay of a solid foundation in materials science, lots of experience, usage of mathematical models as far as they exist, and finally some luck or "feeling" for the job, that will carry the day. So do not consider microelectronic processes "simple" because you do not find lots of differential equations here. There are few enterprises more challenging than to develop key processes for the next chip generation!

How is a thermal oxidation done in real life? Always inside an oxidation furnace in a batch process; i.e. many wafers (usually 100) are processed at the same time (Figure 86).
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Figure 86. Oxidation furnace.
Oxidation furnaces are complicated affairs and the presented sketch does not do justice to the intricacies involved (nowadays they are usually no longer horizontal as shown below, but vertical). First of all, temperature, gas flow etc., needs not only to be very constant but precisely adjusted to your needs. Generally, you do not load the furnace at the process temperature but at some lower temperature to avoid thermal shock of the wafers (inducing temperature gradients, leading to mechanical stress gradients, leading to plastic deformation, leading to the generation of dislocations, leading to wafers you have to throw away). After loading, you "ramp up" the temperature with a precisely defined rate, e.g. 15 oC/min, to the selected process temperature. During loading and ramping up, you may not want to start the oxidation, so you run N2 or Ar through the furnace. After the process temperature has been reached, you switch to O2 for dry oxidation or to the right mixture of H2 and O2, which will immediately burn to H2O, if you want to do a wet oxidation.

After the oxidation time is over, you ramp down the temperature and move the wafers out of the furnace. Moving wafers in and out of the furnace, incidentally, is not easy. First you have to transfer the wafers to the rigid rod system (usually a SiC clad with high purity quartz) that moves in and out, and than you have to make sure that the whole contraption - easily 2 m long - moves in and out at a predetermined speed v without ever touching anything (because that would produce particles). There is quite a weight on the rods and they have to be absolutely unbendable even at the highest process temperature around 1150 oC.

Of course, the rods, the quartz furnace tube and anything else getting hot or coming into contact with the Si, must be ultrapure - hot Si would just lap up even smallest traces of deadly fast-diffusing metals.

And now to the difficult part: After the process "works", you now must make sure that it works exactly the same way (with tolerances of < 5%) on all 100 wafers in a run in, from run to run, and independently of which one of the 10 or so furnaces is used.

So take note: Assuring stable process specifications for a production environment may be a more demanding and difficult job than to develop the process in the first place.

You see: At the final count, a "simple" process like thermal oxidation consists of a process recipe that easily calls for more than 20 precisely specified parameters, and changing anyone just a little bit may change the properties of your oxide in major ways.

 

All these points were emphasized to demonstrate that even seemingly simple processes in the production of integrated circuits are rather complex. 
5.3 Furnaces

Furnaces for thermal oxidation, for annealing or for CDV processes, are complicated and expensive pieces of equipments. While horizontal furnaces dominated the scene for 150 mm wafers or smaller, with 200 mm wafers a switch to vertical furnaces took place.
Below, Figure 87, two pictures showing a horizontal and a vertical furnace for 200 mm or 300 mm wafer, respectively. Of course, you do not see much; nevertheless, they are big pieces of equipment.
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Figure 87. Horizontal oxidation furnace: three tubes (left); ASM A412 300mm twin vertical furnace system for high temperature atmospheric pressure oxidation and LPCVD processing of polysilicon (right).
5.4 LOCOS Process (seção 6.2.2 de [Fo07])
5.4.1 
Basic Concept of Local Oxidation

There is a very important application of SiO2 called LOCOS. The abbreviation LOCOS stands for "Local Oxidation of Silicon" and was almost a synonym for MOS devices, or more precisely, for the insulation between single transistors. LOCOS makes the isolation between MOS transistors considerably easier than between bipolar transistors. For bipolar transistors, you have to separate the collectors. This involves an epitaxial layer and some deep diffusion around every transistor; for MOS transistors, no isolation would be needed were not for the possible parasitic transistors. This problem can be solved by making the "gate oxide" of the parasitic transistors - which then is called field oxide - sufficiently thick. The whole thing looks something like Figure 88.
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Figure 88. MOS transistors in an n-substrate technology.
 The thick field oxide has been made by the LOCOS process from the beginning of MOS technology until presently, when LOCOS was supplanted by the "box isolation technique", also known as "STI" for "Shallow trench isolation" (see below). Since the LOCOS technique is still used, and gives a good example of how processes are first conceived, are optimized with each generation, become very complex, and are finally supplanted with something different, we will treat it here in some detail.
As the name implies, the goal is to oxidize Si only locally, wherever a field oxide is needed. This is necessary for the following reason:
· Local (thermal) oxide penetrates into the Si (oxidation is using up Si!), so the Si - SiO2 interface is lower than the source - drain regions to be made later. This could not be achieved with oxidizing all of the Si and then etching off unwanted oxide. For device performance reasons, this is highly beneficial, if not absolutely necessary. 

For a local oxidation, the areas of the Si that are not to be oxidized must be protected by some material that does not allow oxygen diffusion at the typical oxidation temperatures of (1000 - 1100) 0C. The only material that is "easily" usable is Silicon nitride, Si3N4. It can be deposited and structured without too much problems and it is compatible with Si. However, Si3N4 introduces a major new problem of its own, which can only be solved by making the process more complicated by involving yet other materials. Let us see what would happen with just a Si3N4 layer protecting parts of the Si from thermal oxidation (Figure 89): 
The oxygen diffusion through the oxide already formed would also oxidize the Si under the Si3N4; i.e. there would be some amount of lateral oxidation. Since a given volume of Si expands by almost a factor of 2 upon oxidation (in other words: Oxidizing 1cm3 of Si produces almost 2 cm3 of SiO2), the nitride mask is pressed upwards at the edges as illustrated. With increasing oxidation time and oxide thickness, pressure under the nitride mask increases, and at some point the critical yield strength of Si at the oxidation temperature is exceed. Plastic deformation will start and dislocations are generated and move into the Si. Below the edges of the local oxide is now a high density of dislocations which kill the device and render the Si useless - throw it out.
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Figure 89. The formation of the LOCOS.
This is not "theory", but eminently practical as shown in the TEM picture presented in the Figure 90. We are looking through a piece of Si. The dark lines are the projections of single dislocations, the "dislocations tangles" corresponds to oxide edges.
Actually, it does not even need the oxidation to produce dislocations. Si3N4 layers are always under large stresses at room temperature and would exert great shear stresses on the Si; something that can not be tolerated as soon as the nitride films are more than a few nm thick.
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Figure 90. TEM picture of the high density of dislocations under de Si3N4.
We arrive at a simple rule: you cannot use Si3N4 directly on Si - never ever. What are we to do now, to save the concept of local oxidation?

 5.4.2 
Buffer Oxide

We need something between the Si3N4 mask and the Si; a thin layer of a material that is compatible with the other two and that can relieve the stress building up during oxidation. Something like the oil in your motor, a kind of grease. This "grease" material is SiO2, as you might have guessed - it was already mentioned before under its proper name of "buffer oxide". The hard Si3N4 (which is a ceramic that is very hard not yielding at a "low" temperature of just about 1000 oC), is now pressing down on something "soft", and the stress felt by the Si will not reach the yield stress - if everything is done right. The situation now looks like the Figure 91.
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Figure 91. The formation of the LOCOS with “buffer oxide” and the birds beak.
No more dislocations, but a comparatively large lateral oxidation instead, leading to a configuration known as "birds beak" for the obvious reason shown in the picture to the right (the inserts just are there to help you see the bird). So we got rid of one problem, but now we have another one: the lateral extension of the field oxide via the bird’s beak is comparable to its thickness and limits the minimum feature size. 
While this was not a serious problem in the early days of IC technology, it could not be tolerated anymore around the middle of the eighties. One way out was the use of a poly-Si layer as a sacrificial layer. It was situated on top of the buffer oxide below the nitride mask and was structured with the mask. It provided some sacrificial Si for the "birds beak" and the total dimension of the field oxide could be reduced somewhat.

But even this was not good enough anymore for feature sizes around and below 1 µm. The LOCOS process eventually became a very complicated process complex in its own right; for the Siemens 16 Mbit DRAM it consisted of more than 12 process steps including: 2 oxidations, 2 poly-Si deposition, 1 lithography, 4 etchings and 2 cleaning steps. It was one of the decisive "secrets" for success, and we can learn a simple truth from this: before new materials and processes are introduced, the existing materials and processes are driven to extremes! And that is not only true for the LOCOS process, but for all other processes. 

Still, with feature sizes shrinking ever more, LOCOS reached the end of its useful life-span in the nineties and had to be replaced by "Box isolations", a simple concept in theory, but hellishly difficult in reality.

5.4.3 
Box Isolation Technique

Advanced devices nowadays use a box isolation technique. However, the accepted name for that is "shallow trench isolation" or STI. If the trench is "deep" you may still call it STI, or possibly DTI, but this abbreviation may also mean "double trench isolation" - just get used to the fact that the semicoductor industry moves to fast to have time for standardizing those things and to force people to stick to it.

How is it done? And why do we need it? Let us just look at this issue very briefly. First, we note that all the problems with LOCOS already mentioned get rapidly worse as dimensions get smaller. On top of that, new problems develop, and the process flow becomes increasingly complicated (and expensive). Many problems would disappear if you just etched a suitable "hole", i.e. a trench in your substrate wherever you need isolation, and then filled it with oxide. The CMOS structure then would look like the Figure 92.
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Figure 92. The formation of box isolation technique.
Of course, nobody would superimpose a shallow and a deep trench isolation as shown (you just would have the deep one and move the transistors closer together), but the picture illustrates the point nicely.

So why was not it done long since? Because it is not easy to etch the required trenches, to fill them with (high-quality) oxide, and to planarize the surface. The latter point is the key: whatever process you use to fill the trenches with oxide, after your oxide deposition you have oxide everywhere, and you must take it off again wherever you do not want it, i.e. outside the trenches.
If you wonder why you fill the trenches with oxide, and why you do not use simple thermal oxidation anymore, you missed some the essentials! Figure it out yourself; it is enough to consider what would happen if you start thermally oxidizing your Si after you etched the deep trench.
O processo de deposição de óxido por CVD é um caso particular de CVD (chemical vapor deposition) que será abordado no próximo capítulo.
Para encerrar o tópico sobre oxidação, a Tabela 9 apresenta a relação entre cores e espessura do óxido. Através da cor do óxido pode-se, aproximadamente, determinar a sua espessura (parece cômico mas é assim mesmo que é feito). Também com a mesma tabela se pode determinar a espessura do nitreto
Tabela 9. Espessura do óxido e sua cor ([Fu07]).
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6. Chemical Vapor Deposition (seção 6.3 de [Fo07])
Chemical vapor deposition is a technique for depositing thin films of materials on wafers or other substrates. Source gases are introduced into a reaction chamber and energy is applied through heat, high frequency high voltage (RF Power), or other techniques that result in the decomposition of the source gas and reaction of the chemicals to form the film.
Variations of CVD are: 
· APCVD - Atmospheric Pressure CVD

· LPCVD - Low Pressure CVD

· PECVD - Plasma Enhanced CVD

· MOCVD - Metal Organic CVD

Há também a Epitaxy, um tipo de APCVD utilizado especialmente para depositar Si.
The CVD chemistry for different films is: 
· Epitaxia (crescer silício)
SiCl4 + 2H2       Si + 4HCl
· Polysilicon 


SiH4 (gas)         Si (solid) + 2H2
· Silicon Nitride 


SiCl2H2 + NH4   Si3N4 + HCl
· Low Temperature Oxide 
SiH4 + O2          SiO2 + H2
· Tungsten 


WF6 + 3H2         W + 6HF
· TEOS 



Si(C2H5O)4        SiO2 + 4C2H4 + 2 H20                                              (tetraethyl orthosilicate)
· TiN (TDMAT) reduction of 
Ti[N(CH2CH3)2]4
No CVD não ocorre reação química com substâncias da lamina. A lamina apenas recebe os resultados das reações que se depositam sobre ela. Por exemplo considere reação de epitaxia
SiCl4 + 2H2  Si + 4HCl

obs.: a reação indicada acima não é tudo que acontece de fato. Várias outras reações intermediárias ocorrem tais como:

SiCl4 + H2 
 SiHCl3 + HCl

SiHCl3 + H2
 SiH2Cl2 + HCl

SiH2Cl2  
 SiCl2 + H2
SiHCl3 
 SiCl2 + H2
SiCl2 + H2 
 Si + 2HCl

Ainda considere que para haver dopagem (crescimento de silício dopado) está sendo usado o AsH3 como fonte de As, que tem a seguinte reação.

2AsH3  2As + 3H2

 A Figure 93 ilustra como e onde ocorrem as reações.  
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Figure 93. Processo de deposição de Si com As ([Ze85]).

Para que ocorram as reações desejadas deve ser fornecida energia as substâncias no meio. O aquecimento em um forno é a maneira natural de fornecer tal energia (Figure 94). São utilizadas neste caso temperaturas de 300 a 1200 oC, dependendo do filme que se deseja depositar.
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Figure 94. Forno para CVD ([Fu07]).
Por outro lado, quando é usado forno, não apenas o meio é aquecido mas também as laminas. Isto causa difusões indesejadas e o aumento das dimensões de drenos, sources, poços, etc. Para reduzir esse inconveniente o CVD pode ser acelerado com Plasma. A temperatura da lamina ficará neste caso entre 100 a 400 oC (Figure 95). 

Outras alternativas para acelerar o CVD têm sido aplicadas, entre elas o uso de elétron beam, lazer beam, ions beam e de luz UV (Figure 96). 
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Figure 95. Outro exemplo de forno convencional para CVD, acima, e plasma, abaixo ([Ze85]).
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Figure 96. CVD com electron beam, acima, e com luz UV, abaixo ([Ze85]).
6.1 Silicon Epitaxy (seção 6.3.1 de [Fo07])
Epitaxia é o nome dado para o processo de crescer silício com estrutura cristalina em CVD. Observemos que um material pode ter vários graus de cristalinidade. Pode ser:

· Amorfo: no recognizable long-range order;

· Policristalino: completely ordered in small domains, disjoint or misoriented from one another;
· Cristalino: the entire solid is made up of atoms in an orderly array. The overwhelming number of devices made today use crystalline silicon.

Para a formação de uma estrutura cristalina, o crescimento do silício deve ser feito em cima de um substrato (um cristal de silício ou alguma coisa próxima como a safira) que forneça a estrutura regular inicial adequada que será replicada. Caso o CVD seja feito sobre um não cristal, por exemplo sobre SiO2, se formará Si policristalino chamado de polisilicio (o processo não será chamado neste caso de epitaxia).
In general, it takes more energy (usually as heat) to create a more ordered material. For example, silane decomposition in an LPCVD furnace at 550 °C results in amorphous silicon whereas the same process at 610°C results in polysilicon deposition. Much higher temperatures are needed to grow silicon epitaxially that follows the substrate crystal structure. 
We have seen a Si CVD process for making poly-crystalline material good enough for growing crystals, in the steps to make the wafers. We can use essentially the same CVD process as before, but instead of thin rods of poly-Si, which we want to grow in diameter as fast as possible, we now want to make a thin, but absolutely perfect, Si layer on top of a wafer.
We now must have tremendous process control. We require:
· A precise continuation of the substrate lattice. There should be no way whatsoever to identify the interface after the epitaxial layer has been deposited. This means that no lattice defects whatsoever should be generated.
 
· Doping of the epitaxial layer with high precision (e.g. 5 cm ± 5%), and the doping is usually very different from that of the substrate. The picture in Figure 97 symbolizes that by the two differently colored doping atoms.
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Figure 97. Schematic of the epitaxial layer.
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In Figure 98 are shown some possible crystal defects that will appear also with epitaxy.
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Figure 98. Epitaxial defects ([Fu07]).
· Precise thickness control, e.g. d = 1.2 µm ± 10% over the entire wafer, from wafer to wafer and from day to day. Now there is a challenge: if you met the first point and thus can note tell where the interface is - how do you measure the thickness? (The answer: only electronically, e.g. by finding the position of the pn-junction produced).
· Cleanliness: No contaminants diffusing into the substrate and the epitaxial layer are allowed.
 


 
 
 
 
 

This looks tough and it is indeed fairly difficult to make good epitaxial layers. It is also quite expensive and is therefore avoided whenever possible (e.g. in mainstream CMOS technology). It is, however, a must in bipolar and some other technologies and also a good example for a very demanding process with technical solutions that are far from obvious. 
6.1.1 
Epitaxial Reactor
Let us look at a typical epitaxial reactor from around 1990 which uses UV (newer ones tend to be single wafer systems). It can process several wafers simultaneously and meets the above conditions. Figure 97 presents a much simplified drawing.
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Figure 99. UV epitaxial reactor.
The chemical reaction that produces the Si is fairly simple, as we saw: 



  SiCl4 + 2 H2       Si + 4 HCl  



(1000 oC - 1200 oC)
  
The dopant gases just decompose or react in similar ways shown by the equation. However, instead of SiCl4 you may want to use SiHxCl4–x. The essential point is that the process needs high temperatures and the Si wafer will be at high temperature! In an Epi reactor as shown above, the Si wafer surfaces (and whatever shows of the susceptor) are the only hot surfaces of the system! 

How is the process actually run? You need to meet some tight criteria for the layer specifications, as outlined above, and that transfers to tight criteria for process control. You need:
1. 
Perfectly clean Si surface before you start. This is not possible by just putting clean Si wafers inside the Epi-reactor (they always would be covered with SiO2), but requires an in-situ cleaning step. This is done by first admitting only H2 and Cl2 into the chamber, at a very high temperature of about 1150 oC. Si is etched by the gas mixture - every trace of SiO2 and especially foreign atoms at the surface will be removed. 
2. 
Temperature gradients of at most (1 - 2) oC. This is (better: was) achieved by heating with light as shown in the drawing. The high intensity light bulbs (actually rods) consume about 150 kW electrical power (which necessitates a 30 kW motor running the fan for air-cooling the machinery). 
3. 
Extremely tightly controlled gas flows within a range of about 200 l/min H2, 5 l/min SiCl4 (or Si HCl3), and fractions of ml/min of the doping gases. 

Not to forget: epi-reactors are potentially very dangerous machines with a lot of "dirty" output that needs to be cleaned. All things taken together make Epi-reactors very expensive - you should be prepared to spend several million $ if you want to enter this technology. 
Si epitaxy thus is a process that is avoided if possible. It costs roughly $5 per wafer, which is quite a lot. So when do we use epitaxy? 
Epitaxy is definitely needed if a doping profile where the resistivity in surface is larger than in the bulk, is required. In other words, a profile like that presented in Figure 100.
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Figure 100. Profile of resistivity when the epitaxy is necessary.
In fact, by diffusion you can always lower the resistivity and even change the doping type, but increasing the resistivity by diffusion is not realistically possible. Consider a substrate doping of 1016 cm-3. Whatever resistivity it has (around 5 - 10 cm), if you diffuse 2 · 1016 cm-3 of a same dopant type into the substrate, you will lower the resistivity of the doped layer by a factor of 2. To increase the resistivity by factor two you have to compensate half of the substrate doping by diffusing a dopant of reverse doping type with a concentration of 5 · 1015 cm-3. Not only does that call for much better precision in controlling diffusion, but you will only get that value at a particular distance from the surface because you always have a diffusion profile. So all you can do by diffusion is to increase the resistivity somewhat near the surface regions; but you cannot make a sizeable layer this way.
You also may use epitaxial layers if you simply need a degree of freedom in doping that is not achievable otherwise.

While DRAMs were made without epitaxy up to the 16 Mbit generation (often to the amazement of everybody, because in the beginning of the development work epitaxy seemed to be definitely necessary), epitaxial Si layers are now included from the 64 Mbit DRAM upwards.

6.1.2 
SOI Transistors
Transistores SOI (Silicon on Isolator) são outro caso onde epitaxia é aplicada. 
The term SOI means Silicon on Insulator structure, which consists of devices on silicon thin film (SOI layers) that exists on an insulating film. Figure 101 illustrates an outline sketch of bulk and partial depletion type and complete depletion type SOI-MOS (Metal Oxide Semiconductor) transistor structures. In the case of bulk CMOS devices, P/N type MOS transistors are isolated from the well/bulk layer by reversed junctions. In contrast, SOI-CMOS devices are separated into Si supporting substrate and are isolated from the bulk layer by a buried oxide film (BOX). Also, these devices are structured so each element is completely isolated by LOCOS oxide and the operating elements area (called the SOI layer) is completely isolated by insulators. The elements that have a thin SOI layer (normally <50 nm) and have all body areas under the channel depleted, are called complete depletion type SOI. Conversely, elements that have a thick SOI layer (normally >100 nm) and have some areas at the bottom of the body area that are not depleted, are called partial depletion type SOI.
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Figure 101. Comparison between bulk CMOS and SOI-CMOS ([Fu01]).
As vantagens do SOI são: 

1. 
A low operating voltage is possible since the threshold voltage (VTh) can be set low without increasing the offleak current (Reduced S value for complete depletion SOI type): a variação da corrente de dreno com VGS, quando o transistor está no estado cortado, depende de um parâmetro S definido pela relação
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. O valor de S é dependente da tecnologia. Com S menor a corrente de fuga ID para VGS = 0V pode ser reduzida, mesmo para valores pequenos de VTh (Figure 102). Em função da redução de VTh, também se pode reduzir VDD e consumo;
2. Development of high-speed, low power consumption CMOS devices is possible since the load capacitance CL is reduced (Reduced junction capacitance): as capacitâncias parasitas de dreno e source são menores. Veja que essas regiões no SOI são praticamente cercadas por óxido;
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Figure 102. SOI transistor sub-threshold characteristics ([Fu01]).

3. Reduced signal transmission loss during high-speed operation (Reduced junction capacitance);
4. Realizing high-frequency component performance, including passive devices, is possible since high-resistance Si wafers can be used as supporting substrates (Totally isolated structure)
5. Reduced operation errors such as cross talk via the substrate (Totally isolated structure): cada transistor esta completamente isolado do outro. Um não interfere com ruído no outro.

6. It is possible to prevent operation errors including latch up phenomena (Totally isolated structure): os transistores bipolares parasitas não aparecem aqui. 
7. Improved soft error durability by injecting radiation (SOI layer thin film): radiação injetada no corpo do transistor convencional pode causa problemas com latch-up (os pares elétrons lacunas gerados disparam o latch-up)

Algumas dificuldades com o SOI são: 
1. custo de fabricação é maior;
2. menor dissipação de calor por causa do material isolante (normalmente material que não conduz corrente é mal condutor de calor);
3. maior dificuldade nos projetos a medida que esta tecnologia tem sido menos utilizada.
Muitos processadores hoje são construídos com SOI (Figure 103).
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Figure 103. 64b PowerPC SOI Microprocessor.
A formação da lamina para o SOI pode ser feita de diversas maneiras. Duas delas são: 
· através de crescimento epitaxial do silício (Figure 104). Neste caso é feito sobre o Al2O3, safira, que é isolante e tem estrutura cristalina semelhante a do silício. Tecnologias feitas sobre este tipo de material são chamadas de SOS (Silicon on Saphire). 
· através da implantação de ions de oxigênio com alta energia para formar o óxido bem abaixo da superfície do silício (Figure 105). Esta técnica para formar laminas é chamada de SIMOX (Separation by Ion Implanted Oxygen).
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Figure 104. Crescimento de silício sobre o Al2O3 para formar a lâmina SOS (Silicon on Saphire).
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Figure 105. Processo SIMOX para formação de laminas ([Fu07]).
Latch-up

Latch-up é um fenômeno de aumento de correntes que aparece em tecnologias CMOS. Vamos descrevê-lo. Para a formação de transistores MOS em uma lamina várias estruturas são necessárias. Estas estruturas formam, além dos transistores desejados, vários dispositivos parasitas. Para ver isso considere a Figure 106: nela temos dois transistores MOS, um PMOS e outro NMOS, dois transistores bipolares parasitas, formados com os dreno/source, poço e substrato, e quatro resistores parasitas.
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Figure 106. Corte de dois transistores MOS e dispositivos parasitas [Mu03].

Se não levarmos em conta os resistores RNE e RPE, normalmente de valores pequenos, poderemos montar com os elementos parasitas restantes o circuito da Figure 107 para análise de latch-up. Por este circuito podemos ver que uma corrente IC1 causa correntes na base, Ib2, e, em conseqüência, no coletor do transistor Q2, IC2; a corrente IC2 causa correntes na base, Ib1 e, em conseqüência, no coletor do transistor Q1, IC1. Há, na verdade, uma realimentação da corrente IC1 nela mesma. Este processo, dependendo do ganho dessa realimentação, pode vir a causar o crescimento continuo de IC1 e IC2 e teremos, neste caso, o latch-up. Uma vez disparado o latch-up, as correntes aumentam até interferir no funcionamento de todo o circuito. No caso menos severo, o religamento do circuito pode ser suficiente para acabar com o latch-up; no mais severo partes do circuito ficarão danificadas. 
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Figure 107. Modelo simplificado para analise de latch-up.
O ganho da realimentação de IC1 é dado pelo expressão abaixo: 
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onde  e r são referentes ao transistor Q1 e  e r são referentes ao transistor Q2.
Nos circuitos CMOS o valor desse ganho deve ser mantido abaixo de um para não haver possibilidades de disparo do latch-up. Isso é feito reduzindo os valores de , de RX e de RW por meio do desenvolvimento da tecnologia e do projeto.
6.2 Oxide CVD (seção 6.3.2 de [Fo07])
Whenever we need SiO2 layers, but can not oxidize Si, we turn to oxide CVD and deposit the oxide on top of the substrate - whatever it will be. To do that, we have to find a suitable chemical reaction between gases that only occurs at high temperature and produces SiO2. There are several possibilities:

· Low Temperature Oxide (LTO)

SiH4 + O2     SiO2 + 2H2               Deposition Temperature: 300 to 500 °C

· High Temperature Oxide (HTO)

SiH2Cl2 + 2N2O    SiO2 + 2HCl + 2N2   Deposition Temperature: 850 to 950 °C
High temperature oxide is a Chemical Vapor Deposition (CVD) process that can give oxides with properties very similar to the thermally grown oxide. Compared to Low Temperature Oxide (LTO) the HTO films are more uniform in thickness across the wafer, more conformal, denser, have higher dielectric strength and would be better for Shallow Trench Isolation (STI), side-wall spacers and inter-poly dielectrics than LTO.
While these reactions were used until about 1985, a better reaction is offered by the "TEOS" process:

Si(C2H5O)4    SiO2 + 2H2O + C2H4            (720 oC)
Si(C2H5O)4 has the chemical name Tetraethylorthosilicate, abbreviated TEOS. It consists of a Si atom with the four organic molecules bonded in the four tetrahedral directions. The biggest advantage of this process is that it can be run at lower temperatures, but it is also less dangerous (no HCl), and it produces high quality oxides.
Low temperature processes are important after the transistors and everything else in the Si has been made. Every time the temperature must be raised, the dopant atoms will move by diffusion and the doping profiles change. Controlling the "temperature budget" is becoming ever more important as junction depths are getting smaller and smaller.
6.2.1 
BPSG (Boron-Phosphorous Silicate Glass)
CVD techniques also allow tailoring some properties of the layers deposited by modifying their chemistry. One important use of this fact is the production of the glass called BSPG (Boron-Phosphorous Silicate Glass). 

Often, an oxide that "flows" at medium temperature, i.e. evens out the topography somewhat, is needed. For example, after the transistor has been made, there is a veritable mountain range. Nowadays it is even worse than before, because the whole "gate stack" is usually encapsulated in Si3N4 - for reasons we will discuss later (Figure 108)(Can you figure it out? The process is called "FOBIC", short for "Fully Overlapping Bitline Contact") or process steps like LDD (Lightly Doped Drain). It is important for the next process steps to flatten the terrain as much as possible. 
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Figure 108. Reflow of the oxide BPSG to flatten de topography.
While this is now done by one of the major key process complexes introduced around 1995 (in production) called "CMP" for "Chemical-mechanical polishing", before this time the key was to make a "flow glass" by doping the SiO2 with P and/or B. The major difference between glass and quartz is that glass becomes a kind of viscous liquid above the glass temperature which depends on the kind and concentration of ions incorporated. Conventional glass is done by SiO2 containing ions like Na (which is a no-no in chip making), but P and B will also turn quartz into glass.
So all you have to do during the SiO2 deposition is to allow some incorporation of B and/or P by adding appropriate gases. As before phosphine (PH3) is used for P, and "TMB" (= B(OCH3)3 = trimethylborate) for B. Concentrations of both elements may be in the % range (4% P and 2% B are about typical), and the resulting glass is called BPSG. It "flows" around 850 oC, i.e. the viscosity of BPSG is then low enough to allow the surface tension to reduce the surface areas by evening out peaks and valleys.
How much it "flows" can be further influenced by the atmosphere during the annealing: O2 or, even better, H2O like in wet oxidation enhance the viscosity and help to keep the thermal budget down. Figure 108 shows the effect of the BPSG flow over the transistor gate, and Figure 109 shows the effect of the BPSG flow over a contact, now flattening the contact hole.
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Figure 109. Reflow of the oxide BPSG in a contact (4 % P and 4 % B reflowed at 930 °C for 25 min.)([Fu07]).

The BPSG process was a key process to VLSI (= Very Large Scale Integration). This can be seen in any cross section of a real device. Let us look at the cross section of the 16 Mbit DRAM in Figure 110. Two layers of BPSG are partially indicated in green. The lower layer has been etched back to some extent; it only fills some deep crevices in some places. Both layers smoothed the topography considerably, but there can never be complete planarization with BPSG glasses, of course. 
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Figure 110. Cross section of the 16 Mbit DRAM.

FOBIC Process

Consider making a source/drain contact hole through the CVD oxide that was deposited over the finished transistors of Figure 111. Since the source/drain areas are as small as possible, you have to make not only a small hole but you must align it precisely relative to the gate stack of the transistors. Small misalignments would produce a short circuit between the gate electrode and the Al that will be put in the contact hole eventually.
Now cover the whole gate stack with Si3N4 that will resist whatever etching procedure you use to remove the oxide in the future contact hole. You will gain a lot in your "process window" for the contact hole.
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Figure 111. Contacts in the drain.
 That looks pretty good - but there is a prize to pay:

· First of all - how do we make the nitride encapsulation? And do not forget; Si3N4 must never come in contact with Si - you always need a thin layer of buffer oxide underneath (not shown in the picture). There is quite a bit of added process complexity!

· The topography gets worse. The aspect ratio of the contact hole - the relation between depth and diameter - increases and with it the problems of filling it with Al.
· Still, starting around 1987, FOBIC was used and helped to get the next generation onto the market.
LDD (Lightly Doped Drain)

A medida que as dimensões dos dispositivos vão sendo reduzidas e as tensões aplicadas não acompanham tal redução, temos o aumento dos campos elétricos nos dispositivos. Campos elétricos intensos são um problema para as camadas de óxido, principalmente para o óxido mais fino da porta, pois podem causar sua ruptura ou o aumento das correntes de fuga. Para reduzir o problema no óxido de porta se procura utilizar materiais isolantes alternativos. 

Outro problema causado pelos campos intensos é o fato dos portadores, no canal próximo ao dreno onde os campos são mais intensos, atingirem rapidamente velocidades próximas a velocidade térmica (portadores quentes). Com isso teremos maior corrente de fuga pela porta, o aparecimento de cargas no oxido de porta, menor tensão de breakdown e maiores riscos de disparo de latchup. Para reduzir os efeitos deste problema se constroem transistores com drenos pouco dopados na região próxima ao canal, o chamado de Lightly Doped Drain (LDD), o que diminui a intensidade do campo no canal.
A estrutura LDD é fabricada em quatro etapas (Figure 112):
1. é feita uma implantação com baixa dose de impurezas para formar as regiões de dreno pouco dopadas;

2. é depositado um oxido por CVD sobre toda a lamina. Repare que as bordas da porta ficam mais espessas;
3. é feita a corrosão anisotrópica (dry etching). A corrosão anisotrópica, se devidamente controlada, deixa um resto de óxido onde ele era mais espesso (nas bordas da porta). Este resto de óxido é chamado de sidewall spacer; 

4. é feita uma segunda implantação com alta dose para aumentar a dopagem do dreno (e reduzir sua impedância). O óxido deixado serve de máscara não permitindo o aumento da dopagem junto ao canal.

Observe que, como os transistores MOS têm simetria entre dreno e source, o LDD é aplicado tanto ao dreno quanto à source. 
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Figure 112. Formação do LDD.
6.2.1 
Oxide CVD Furnace
How do we carry out an oxide CVD process? Of course, we could use a "tool" like an epi-reactor, but that would be an overkill (especially in terms of money). For "simple" oxide CVD, we simply use a furnace as in the thermal oxidation process and admit the process gases instead of oxygen. However, there are certain (costly) adjustments to make:
· CVD processes mostly need to be run at low pressure (then often abbreviated LPCVD) - some mbar will be fine - to ensure that the layers grow smoothly and that the gas molecules are able to penetrate into every nook and cranny (the mean free path length must be large). Thus tight and big pumps are needed to keep the pressure low in the furnace tube.
· We want to minimize the waste (dangerous gases not used up) which at the same time maximizes the conversion of the (costly) gases to SiO2. But this means that at the end of the tube the partial pressure of the process gases is lower than at the beginning (most of them has been used up by then). To ensure the same layer thickness from the first wafer to the last one requires a higher temperature at the end of the furnace tube because that leads to a higher reaction rate countering the lower gas concentration.
· The first wafers to be exposed to the gas flow are "air-cooled" by the process gas to some extent. We therefore need to raise the temperature a bit at the front end of the furnace.

Essentially, we must be able to run a defined temperature gradient along the CVD furnace tube! This calls for at least three sets of heating coils which must be independently controlled. The whole thing looks like the Figure 113.
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Figure 113. Oxide CVD furnace.
Again, we see that there are many "buttons" to adjust for a "simple" CVD oxide deposition. Base pressure and temperature, flow rates of the gases, temperature profile of the furnace with the necessary power profile (which changes if a gas flow is changed), ramping up and ramping down the temperature, etc., - all must be right to ensure constant thickness of the deposited layer for every wafer with minimum waste of gases. Changing any parameter may not only change the oxide thickness, but also its properties (most important, maybe, its etch rate in some etching process). Developing a "new" oxide CVD process thus is a lengthy undertaking, demanding much time and ingenuity. But since this is true for every process in microelectronics, we will from now on no longer emphasize this point.

CVD furnaces have a major disadvantage: everything inside (including the quartz tube) is hot and will become covered with oxide (including the wafer back sides). This is not quite so bad, because the quartz tube will simply grow in thickness. Nevertheless, in regular intervals everything has to be cleaned - in special equipment inside the cleanroom! Very annoying, troublesome and costly!
Plasma Enhanced CVD (PECVD)

A "conventional" CVD furnace is, however, not the only way to make CVD oxides. Several dedicated machines have been developed just for BPSG or other variants of oxides. One kind, adding also something new to the process, merits a short paragraph: PECVD or "Plasma Enhanced CVD".


 

Since the thermal budget gets more and more constrained while more and more layers need to be added for multi-layer metallization, we want to reduce the temperature for the oxide (or other) CVD processes. One way for doing this is to supply the necessary energy for the chemical reaction not by heating everything evenly, but just the gas. The way to do this is to pump electrical energy into the gas by exposing it to a suitable electrical field at high frequencies. This could induce dielectric losses, but more important is the direct energy transfer by collisions obtained as soon as the plasma stage is reached.
In gas plasma, the atoms are ionized and both free electrons and ions are accelerated in the electrical field, and thus gain energy which equilibrates by collisions. However, while the average kinetic energy and thus the temperature of the heavy ions is hardly affected, it is quite different for the electrons: their temperature as a measure of their kinetic energy may attain 20.000 K (if you have problems with the concept of two different temperatures for one material, you are doing fine. Temperature is an equilibrium property, which we do not have in the kind of plasma produced here. Still, in an approximation, one can consider the electrons and the ions being in equilibrium with the other electrons and ions, respectively, but not among the different species, and assign a temperature to each subgroup separately). The chemical reactions that produce the substances to be deposited thus may occur at low nominal temperatures of just a few 100 oC.

There are many kinds of PECVD reactors, with HF frequencies from 50 kHz to >10 MHz and electrical power of several 100 W (not to be sneered at in the MHz range!).

Since after the first Al deposition, the temperature has to be kept below about 400 oC, (otherwise a Si - Al eutectic will form), PECVD oxide is the material of choice from now on, rivaling to some extent spin-on glass. However, its properties are not quite as good as those of regular CVD oxide (which in turn is inferior to thermal oxide).
6.3. CVD for Poly-Silicon, Silicon Nitride and Miscellaneous Materials (seção 6.3.3 de [fo07])
6.3.1 
Poly Silicon CVD

If we were to use an epitaxial reactor for wafers covered with oxide, a layer of Si would still be deposited on the hot surface - but now it would have no "guidance" for its orientation, and poly-crystalline Si layers (often just called "poly" or "polysilicon") would result. Poly-Si is one of the key materials in microelectronics, and we know already how to make it: use a CVD reactor (usually of the furnace type shown for oxide CVD) and run a process similar to epitaxy. If doping is required (it often is), admit the proper amounts of dopant gases. The only (ha ha) problem is: cleaning the furnace. Now you have poly-Si all over the place; a little bit nastier than SiO2, but this is something you can live with.

What is poly-Si used for and why is it a key material? Let us look at a TEM (= transmission electron microscope) picture of a memory cell (transistor and capacitor) of a 16 Mbit DRAM (Figure 114). 

We may distinguish 4 layers of poly Si:

· "Poly 1" coats the inside of the trench (after its surface has been oxidized for insulation) needed for the capacitor. It is thus one of the "plates" of the capacitor. In the 4 Mbit DRAM the substrate Si was used for this function, Figure 73, but the space charge layer extending into the Si, if the capacitor was charged, became too large for the 16 Mbit DRAM.

· The "Poly 2" layer is the other "plate" of the capacitor. The ONO dielectric in between is so thin that it is practically invisible. You need a HRTEM - a high resolution transmission electron microscope - to really see it. 

· Now we have a capacitor folded into the trench, but the trench still needs to be filled. Poly-Si is the material of choice. In order to insulate it from the poly capacitor plate, we oxidize it to some extent before the "Poly 3" plug is applied.
· 
Then we have the "Poly 4" layer forming the gates of the transistors.

And do not forget: there were two sacrificial poly-Si layers for the LOCOS process!
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Figure 114. TEM (transmission electron microscope) picture of a memory cell, left, and its schematic representation, right.
That makes 6 poly-Si depositions (that we know off). Why do we like poly-Si so much? Easy! It is perfectly compatible with single crystalline Si. Imagine using something else but poly-Si for the plug that fills the trench. If the thermal expansion coefficient of "something else" is not quite close to Si, we will have a problem upon cooling down from the deposition temperature. No problem with poly. Moreover, we can oxidize it, etch it, dope it, etc. (almost) like single crystalline Si. It only has one major drawback: its conductivity is not nearly as good as we would want it to be. That is the reason why you often find the poly-gates (automatically forming one level of wiring) "re-enforced" with a silicide layer on top. 

Silicides
A silicide is a metal silicon compound, e.g. Mo2Si, PtSi, or Ti2Si, with an almost metallic conductivity that stays relatively inert at high temperatures (in contrast to pure metals which react with Si to form a silicide). The resulting double layer is in the somewhat careless slang of microelectronics often called a "polycide".
 

Silicides are important for microelectronics (ME) technology, but also in some more mundane applications, e.g. in heating elements. The resistivity values for some silicides are shown in Table 10.
Table 10. Resitividade dos silicetos mais comuns.

	Silicide
	MoSi2
	TaSi2
	TiSi2
	CoSi2
	NiSi2
	PtSi
	Pd2Si

	 (cm)
	40 ...100
	38...50
	13..16
	10...18
	» 50
	28...35
	30...35


It looks like the winner is CoSi2. Yes, but it is difficult to handle and was only introduced more recently, like NiSi2. In the earlier days (and at present) the other silicides given above were (and still are) used.
Why do not we use a silicide right away, but only in conjunction with poly-Si? Because you would lose the all-important (poly)-Si and SiO2 high quality interface in this case.
6.3.2 
Si3N4 Deposition 
We have seen several uses for silicon nitride layers - we had LOCOS, FOBIC (and there are more), so we need a process to deposit Si3N4 .

Why do not we just "nitride" the Si, analogous to oxidations, by heating the Si in a N2 environment? Actually we do, on occasion. But Si3N4 is so impenetrable to almost everything - including nitrogen - that the reaction stops after a few nm. There is simply no way to grow a "thick" nitride layer thermally. Also, do not forget: Si3N4 is always producing tremendous stress, and you do not want to have it directly on the Si without a buffer oxide in between. 
The best way to produce nitride is by CVD. For this take your CVD furnace from before, and use a suitable reaction, e.g.

3 SiH2Cl2 + 4NH3     Si3N4 + 2HCl + 1,5 H2             (700 oC)
Some problems with the nitride CVD: the mix of hot ammonia (NH3) and HCl occurring simultaneously if you do not watch out; the waste disposal; the problem that the layers, being under internal stresses, might crack upon cooling down. 

 6.3.3 
Tungsten CVD 
For reasons that we will explain later, it became necessary at the end of the eighties, to deposit a metal layer by CVD methods. Everybody would have loved to do this with Al, but there is no good CVD process for Al; nor for most other metals. The candidate of choice - mostly by default - is tungsten (chemical symbol W for "Wolfram").

A CVD furnace, however, is not good enough anymore. W-CVD needed its own equipment, painfully (and expensively) developed a decade ago. We will not go into details, however. CVD methods, although quite universally summarily described here, are all rather specialized and the furnace type reactor referred to here, is more an exception than the rule.



 

6.4 Advantages and Limits of CVD Processes 

CVD processes are ideally suited for depositing thin layers of materials on some substrate. In contrast to some other deposition processes which we will encounter later, CVD layers always follow the contours of the substrate: They are conformal to the substrate as shown in Figure 115.
Of course, conformal deposition depends on many parameters. Particularly important is which process dominates the reaction: 

· The Transport controlled process (in the gas phase): in this case the rate at which gas molecules arrive at the surface controls how fast things happen. This implies that molecules react immediately wherever they happen to reach the hot surface. This condition is always favored if the pressure is low enough.

· The Reaction controlled kinetics: here a molecule may hit and leave the surface many times before it finally reacts. This reaction is dominating at high pressures.
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Figure 115. CVD layers follow the contours of the substrate.
Controlling the partial pressure of the reactants therefore is the main process variable which can be used to adjust layer properties. It is therefore common to distinguish between APCVD (= atmospheric pressure CVD) and LPCVD (= low pressure CVD). LPCVD, very generally speaking, produces "better" layers. The deposition rates, however, are naturally much lower than with APCVD.
CVD deposition techniques, though quite universal and absolutely essential, have certain disadvantages, too. The two most important ones (and the only ones we will address here) are
· They are not possible for some materials; there simply is no suitable chemical reaction.
· They are generally not suitable for mixtures of materials. 
To give just one example: the metallization layers for many years were (and mostly still are) made from Al - with precise additions of Cu and Si in the 0,3% - 1% range. There is no suitable Al-compound that decomposes easily at (relatively) low temperatures. This is not to say that there is none, but all Al-organic chemicals known are too dangerous to use, to expensive, or for other reasons never made it to production (people tried, though). And even if there would be some Al CVD process, there is simply no way at all to incorporate Si and Cu in the exact quantities needed into an Al CVD layer (at least nobody has demonstrated it so far).

Many other materials, most notably perhaps the silicides, suffer from similar problems with respect to CVD. We thus need alternative layer deposition techniques. 

7. Physical Processes for Layer Formation (seção 6.4 de [Fo07])
7.1 General Remarks (seção 6.4.1 de [Fo07])
It should be clear by now that the formation of thin layers is the key to all microelectronic structures (not to mention the emerging micro electronic and mechanical systems (MEMS), or nano technology). Oxidation and Chemical vapor deposition, while very prominent and useful, have severe limitations and the more alternative methods exist, the better. Physical methods for controlled deposition of thin layers do exist too; and in this chapter we will discuss the major ones.

What are physical methods as opposed to chemical methods? While there is no ironclad distinction, we may simply use the following rules:

· If the material of the layer is produced by a chemical reaction between some primary substances in-situ, we have a chemical deposition process. This does not just include the Oxidation and the CVD processes covered before, but also e.g. galvanic layer deposition.
· If the material forming the layer is transferred from some substrate or source to the material to be coated, we have a physical process. The most important physical processes for layer deposition are

· Spin on coating
· Diffusion
· Ion implantation
· Sputtering techniques
Spin on coating has already been described. Now we will learn about Diffusion, Ion Implantation, and Sputtering.
7.2 Difusão

Há dois processos chave para introdução de uma quantidade controlada de dopantes em semicondutores: difusão e implantação (Figure 116). Na difusão os dopantes são deixados em contato com o semicondutor e, com temperaturas elevadas, penetram nele; na implantação os dopantes são atirados contra o semicondutor. A implantação iônica é um processo mais moderno que permite maior controle da quantidade de dopantes introduzidos e do seu perfil, maior reprodutibilidade e, ainda, permite se trabalhar com baixas temperaturas. 
A difusão, como processo de colocação de dopantes, apresenta diversas desvantagens em relação à implantação iônica, como veremos, e praticamente não é utilizada. Mesmo assim ela deve ser estudada pois ocorre sempre, não intencionalmente, que uma lamina é submetida a altas temperaturas (ocorre mesmo com dopantes implantados). 

Podemos ter na difusão o dopante fornecido por: 
· uma fonte gasosa;

· um óxido dopado que serve como fonte;

· implantação (neste caso ocorre apenas a redistribuição). 

A difusão com fonte gasosa para introdução de dopantes é realizada em forno, em um ambiente onde há um gás inerte com o dopante desejado e a temperaturas variando de 800 a 1200 oC. A fonte das impurezas trazidas pelo gás pode ser sólida (AsO3 para o As, por exemplo), liquida (AsCl3) ou gasosa (AsH3).
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Figure 116. Processos de introdução de dopantes ([Ze85]).
No processo de difusão é obedecida à equação de difusão abaixo:


[image: image152.wmf]x

x

C

D

F

¶

¶

-

=

)

(


onde 
D é coeficiente de difusão do dopante no silício;

C(x) é a concentração do dopante na posição x;

F é o fluxo de difusão. 

A movimento dos dopantes no silício ocorre por meio das vacâncias ou é intersticial (Figure 117). No caso de vacâncias, que acontece com átomos maiores, o dopante ocupa as posições que ficam livres na rede (com a temperatura, a rede vibra e sempre aparecem vacâncias). No outro caso, que acontece com átomos menores, o dopante vai ocupando posições intermediárias na rede. Veja que o fato da rede estar sob stress, apresentar muitos dopantes ou ter defeitos influirá na velocidade de difusão. No transistor bipolar abaixo, por exemplo, a base é mais profunda sob o emissor devido à maior concentração de impurezas nessa região (Figure 118).
Além das características da rede do semicondutor, também oxidações na superfície fazem com que a constante de difusão varie.
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Figure 117. Modelo para os mecanismos de difusão ([Ze82]).
Para se obter C(x) devemos também aplicar a equação da continuidade para a difusão. Para uma dimensão teremos então 
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Se considerarmos que D não depende da concentração de impurezas por fim chegaremos, utilizando as duas relações acima, a chamada equação de difusão de Fick.
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Observemos que o coeficiente de difusão D depende, como discutido, da concentração de dopantes na rede, principalmente quando esta é alta. A Figure 119 mostra que apenas enquanto concentração de impurezas for menor do que ni, concentração de elétrons/lacunas do semicondutor intrínseco, assumir D constante é uma aproximação razoável.
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Figure 118. Detalhes da difusão de base abaixo do emissor ([Ze85]).
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Figure 119. Variação de D com a concentração de impurezas ([Ze85]).
Voltando para a equação de Fick, para resolve-la é necessário estabelecer condições iniciais e condições de contorno. Duas situações são normalmente consideradas: 
1. Concentração de superfície constante:

usa-se como condição inicial C(x, 0) = 0 para 
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e como condições de contorno C(0, t) = Cs para t > 0 e C(
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Resulta destas condições a solução:
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onde a função 
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 (função erro complementar; esta função não pode ser expressa como composição das funções usadas normalmente).
A carga total difundida pode ser encontrada a partir da integral de C(x, t), como mostrado abaixo.
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As curvas normalizadas para este caso estão na Figure 120, esquerda (a escala no eixo y é linear no gráfico acima e, logaritmica no gráfico abaixo). 
2. Concentração total de dopantes constante: 

usa-se também como condição inicial C(x, 0) = 0 para 
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e como condições de contorno teremos aqui 
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Resulta destas condições a solução:
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O valor da concentração na superfície é a função 
[image: image167.wmf]Dt

S

t

C

p

=

)

,

(

0

 .

As curvas normalizadas para este caso estão na Figure 120, direita. 
No processamento de circuitos, a difusão em dois passos era normalmente utilizada, com uma pré-deposição e depois o drive-in (aprofundamento dos dopantes). Na maioria dos casos o comprimento de difusão da pré-deposição, 
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, era muito menor do que o da difusão drive-in. Assim, o perfil da pré-deposição funcionava como uma função  na superfície, que fornecia o total de dopantes que seriam difundidos, aprofundados, pelo drive-in. Para um maior controle, a concentração do gás no meio era mantida bastante alta para que o valor de CS da pré-deposição fosse igual ao máximo solúvel no silício. 

A difusão no óxido de silício é normalmente, para os dopantes utilizados, inferior a difusão no silício. Por essa razão é possível a utilização de SiO2 como máscara para proteção de regiões da lamina. Abaixo a Figure 121 mostra a espessura do óxido que é necessário utilizar quando se quer que sirva de máscara. Esta espessura varia com o tempo de difusão a que a lamina será submetida.
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Figure 120. Curvas da função erro complementar, esquerda, e da gaussiana, direita ([Ze85]).

Figure 121. Espessura do óxido para ser utilizado de máscara na difusão ([Ze85]).
Uma das dificuldades da colocação de dopantes por difusão é que ela se realiza verticalmente e lateralmente (ver Figure 122). No caso de difusão com D constante, baixa dopagem, a penetração lateral é cerca de 75% da penetração vertical; para o caso de D variável, essa relação cai para 65 a 70%. Devido a difusão lateral, é difícil aplicar a difusão como método de colocação de dopantes na fabricação de transistores de pequenas dimensões. 
Com a oxidação térmica de uma lamina já dopada pode haver a redistribuição das impurezas do silício no óxido. Isto depende de fatores tais como o coeficiente de segregação, a velocidade da difusão das impurezas no óxido, da velocidade de crescimento do óxido, da distribuição das impurezas. O coeficiente de segregação k é dado abaixo.
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Figure 122. Contornos de difusão na borda de uma janela aberta no óxido ([Ze85]).
A Figure 123 mostra a redistribuição em função da velocidade de difusão no óxido e do coeficiente de segregação
Figure 123. Redistribuição de impurezas em função do coeficiente de segregação e da difusão no óxido ([Ze85]).
7.3 Ion Implantation (seção 6.4.2 [Fo07])
7.3.1 
Ion Implantation Basics 

What is ion implantation, often abbreviated I2? The name tells it succinctly: Ions of some material - almost always the dopants As, B, P - are implanted, i.e. shot into the substrate. 

Ion implantation may be counted among layer deposition processes because you definitely produce a layer of something different from the substrate even so you do not deposit something in the strict meaning of the term. 

How is it done? Obviously you need an ion beam, characterized by three basic parameters:

1. The kind of the ions. Almost everything from the periodic table could be implanted, but in practice you will find that only Sb (as dopant) and occasionally Ge and O are being used besides the common dopants As, B, and P.

2. The energy of the ions in eV. This is directly given by the accelerating voltage employed and is somewhere in the range of (2 - 200) kV, always allowing for extremes in both directions for special applications. The energy of the ion together with its mass determines how far it will be shot into a Si substrate. The Figure 124 gives an idea of the distribution of B atoms after implantation with various energies. The curves for As or P would be similar, but with peaks at smaller depth owing to the larger mass of these atoms.
3. The dose of the dopants.
Implantação iônica é um método altamente controlado de introduzir dopantes. Primeiro são formados ions do material desejado e então são acelerados em direção a lamina. Os ions penetram na lamina onde ela não estiver protegida. Esta proteção pode ser feita por camadas de óxido, de polisilicio, etc.; até mesmo foto resist pode ser utilizado desde que não se utilize altas temperaturas no processo.
A espessura necessária para a camada de proteção depende do seu material da máscara, do dopante implantado e da energia utilizada no implantador. 
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Figure 124. Boron implantation distribution.
A obtenção dos ions é feito a partir de um gás que contem a substância que desejamos implantar. Através de alta tensão são gerados diferentes ions nele. Estes ions são acelerados através de campos elétricos para formar o feixe de ions (Figure 125).
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Figure 125. Obtenção de ions.
A seleção de quais ions serão implantados é feita passando o feixe de ions por um campo magnético. Dependendo da velocidade destes e de sua massa (a velocidade obtida em um campo elétrico também esta relacionado com a massa), a trajetória dos ions terá uma curvatura maior ou menor, como mostra a Figure 126. As realções que podem ser utilizadas para análise do fenomeno são:
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onde q, m, v e Vext  são a carga, a massa, a velocidade e a tensão externa aplicada ao ion; 
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ondeB é a intensidade do campo magnético sobre o ion.
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onde e r são a velocidade radial, em radianos/seg, e o raio da curva do ion;
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Trabalhando estas relações chegamos a 
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 que nos indica qual o raio da curva feita pelo ion. Através desta curva é possível controlar bem o tipo de implantação (ou seja, a pureza), realizado numa porção do equipamento chamada de analisador magnético.
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Figure 126. Seleção dos ions implantados.
A Figure 127 mostra o diagrama esquemático de um implantador. Nele podemos ver ainda o acelerador, que fornece energia ao ion e placas para fazer deflação vertical/horizontal.
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Figure 127. Diagrama esquemático de um implantador ([Ze82]).

Implantação é a principal técnica para adicionar dopantes hoje em dia. Os pontos positivos da dela são:

1. pode-se controlar bem a dose (quantidade de dopantes): como o material é transportado como ions com carga, sua quantidade pode ser medida com sensores de cargas simples;
2. permite a introdução de dopantes extremamente puros;

3. a profundidade e o perfil de dopagem podem ser bem controlados através da energia da implantação;
4. permite maior reprodutibilidade (a dose e a energia são bem controladas);

5. trabalha com baixas temperaturas.
A distribuição de ions implantados é próxima a forma da Gaussiana e pode ser aproximado por 
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onde 
C(x) é a distribuição de dopantes com a profundidade x;


Cp é a concentração de pico (atmos/cm3);

Rp é o projected range. Depende da energia de implantação e da impureza;

Rp é a variância de Rp.

Cp está relacionado com a dose de implantação N. A relação é dada por
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A Figure 128 mostra os valores de Rp e Rp em função da energia da implantação para vários dopantes e materiais.
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Figure 128. Valores de Rp e Rp em função da energia da implantação ([Mu03]).
Uma dificuldade com a implantação iônica é o chamado channeling que ocorre quando o implante é feito em um material com estrutura cristalina. Neste caso a penetração acaba sendo sensivelmente maior pois o ion é direcionado pela estrutura do cristal. A Figure 129 mostra o modelo do cristal para se entender como isso acontece e a Figure 130 compara a implantação sem e com channeling. 
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Figure 129. Modelo para avaliação do channeling ([Ze85]).
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Figure 130. Comparação entre implantação com e sem efeito do channeling.
Para evitar este tipo de problema pode-se
a. Aplicar a implantação iônica com a lamina em um angulo de aproximadamente 7 graus.
b. Cobrir o material com uma camada fina de substancia amorfa, como SiO2. A substância amorfa provoca desvios nos ions e reduz o efeito de channeling.
After implanting the ions of your choice with the proper dose and depth distribution, you are not yet done. Implantation is a violent process. The high energetic ion transfers its energy bit by bit to lattice atoms and thus produces a large number of defects, e.g. vacancies and interstitials. Often the lattice is simply killed and the implanted layer is amorphous. In consequence you must restore order again. Not only are Si crystal lattice defects generally not so good for your device, but only dopant atoms, which have become neatly incorporated as substitutional impurities, will be electrically active. 

Implantation, in short, must always be followed by an annealing process which hopefully will restore a perfect crystal lattice and "activate" the implanted atoms. The damaged crystal needs to be restored. This is typically achieved by 900 oC, 30 min. furnace anneals or 1150 oC, 30 sec. rapid thermal anneals. In this case the interstitial dopant ions become substitutional, thus donating carriers. The interstitial (displaced) silicon atoms become substitutional, thus removing the defects that trap carriers and/or affect their mobility. During the post implant anneal, dopant ions diffuse deeper into silicon. This must be minimized to maintain shallow junctions.

7.3.2 
Amorphization after Ion Implantation

The picture in Figure 131 shows the boundary between crystalline Si, and Si that has been rendered amorphous by an ion implantation (the ion beam came from the right). The picture is slightly remarkable because it was the first high resolution transmission electron microscopy (HRTEM) picture ever taken from damage after ion implantation. There is indeed an amorphous Si (a-Si) layer. 
From the picture there seems to have a pretty abrupt, if somewhat wavy boundary, between the amorphous and the crystalline Si. Also there seems to be little disturbance in the Si lattice after this boundary - it looks pretty perfect. In fact it is not true. 

Quick glances at HRTEM pictures may be deceiving, however. A lot of point defects may be contained in the lattice - they would not be clearly shown in this picture. Looking a bit more closely at some greater depth (to the left of the picture on Figure 131), a high density of dislocations is found. An example is shown on Figure 132; the ending lattice planes are indicated with yellow lines.

Note that not all dislocations will show up in this kind of imaging mode.
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Figure 131. The boundary between a crystalline Si, and an amorphous Si by an ion implantation.
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Figure 132. Details of the crystalline Si under the amorphous Si.
7.3 Sputter Deposition and Contact Hole Filling (seção 6.4.1 de [Fo07])
7.3.1 
Basic Sputter Process

"Sputtering" or "sputter deposition" is a conceptually simple technique: a "target" made of the material to be deposited is bombarded by energetic ions which will dislodge atoms of the target, i.e., "sputter them off". The dislodged atoms will have substantial kinetic energies, and some will fly to the substrate to be coated and stick there.

In practice, this is a lot easier than it appears. The basic set-up is shown in Figure 133.
The ions necessary for the bombardment of the target are simply extracted from an Ar plasma burning between the target and the substrate. Both target and substrate are planar plates arranged as shown below. They also serve as the cathode and anode for the gas discharge that produces the Ar plasma, i.e. ionized Ar and free electrons, quite similar to what is going on in a fluorescent light tube. Since the target electrode is always the cathode, i.e. negatively charged, it will attract the Ar+ ions and thus is bombarded by a (hopefully) constant flux of relatively energetic Ar ions. This ion bombardment will liberate atoms from the target which issue forth from it in all directions.
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Figure 133. Basic set-up for sputtering.

Reality is much more complex, of course. There are many ways of generating the plasma and tricks to increase the deposition rate. Time is money, after all, in semiconductor processing.

Some target atoms will make it to the substrate to be coated, others will miss it, and some will become ionized and return to the target. The important points for the atoms that make it to the substrate (if everything is working right) are:

1. 
The target atoms hit the substrate with an energy large enough so they "get stuck", but not so large as to liberate substrate atoms. Sputtered layers therefore usually stick well to the substrate (in contrast to other techniques, most notably evaporation).

2. 
All atoms of the target will become deposited, in pretty much the same composition as in the target. It is thus possible, e.g., to deposit a silicide slightly off the stoichiometric composition (advantageous for all kinds of reason). In other words, if you need to deposit e.g. TaSi2 - x with x 
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 0.01 - 0.1, sputtering is the way to do it because it is comparatively easy to change the target composition.

3. 
The target atoms hit the substrate coming from all directions. In a good approximation, the flux of atoms leaving the target at an angle  relative to the normal on the target is proportional to cos(). This has profound implications for the coverage of topographic structures.

4. 
Homogeneous coverage of the substrate is relatively easy to achieve - just make the substrate holder and the target big enough. The process is also relatively easily scaled to larger size substrates - simply make everything bigger.

Of course, there are problems, too. Some of them are: 

· Sputtered layers usually have a very bad crystallinity - very small grains full of defects or even amorphous layers result. Usually some kind of annealing of the layers is necessary to restore acceptable crystal quality.

· Sputtering works well for metals or other somewhat conducting materials. It is not easy or simply impossible for insulators. Sputtering SiO2 layers, e.g., has been tried often, but never made it to production.

· While the cos() relation for the directions of the sputtered atoms is great for over-all homogeneity of the layers, it will prevent the filling of holes with large aspect ratios (aspect ratio = depth/width of a hole). Since contact holes and vias in modern ICs always have large aspect ratios, a serious problem with sputtering Al (Si+Cu) for contacts came up in the nineties of the last century. This is elaborated in more detail below.

More or less by default, sputtering is the layer deposition process of choice for Al, the prime material for metallization (how else would you do it? Think about it. We already ruled out CVD methods. What is left?). The deposition of a metallization layer on a substrate with "heavy" topography – see Figure 114 to understand this problem - is one of the big IC technology challenges and a particularly useful topic to illustrate the differences between the various deposition technologies. It will be given some special attention below.

7.3.2 
Evaporation

By now you may have wondered why the time-honored and widely used technique of evaporation has not been mentioned in context with Si technology. The answer is simple: It is practically not used. This is in contrast to other technologies, notably optics, where evaporation techniques played a major role. In consequence, this section shall be kept extremely short. It mainly serves to teach you that there are more deposition techniques than meets the eye (while looking at a chip). 
What is the evaporation technique? If your eye glasses or your windshield ever fogged, you have seen it: vapor condenses on a cold substrate.
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Figure 134. Basic set-up for evaporation.
What works with water vapor also works with all other vapors, especially metal vapor. All you have to do is to create the vapor of your choice, always inside a vacuum vessel kept at a good vacuum. The (usually) metal atoms will leave the crucible or "boat" with an kinetic energy of a few eV and sooner or later will condense on the (cooled) substrate (and everywhere else if you do not take special precautions)(Figure 134). The substrate holder tends to be big, so you can accommodate several wafers at once (opening up and loading vacuum vessels takes expensive time!).

The technique is relatively simple (even taking into account that the heating nowadays is routinely done with high power electron beams hitting the material to be evaporated), but has major problems with respect to IC production:
· The atoms are coming from a "point source", i.e. their incidence on the substrate is nearly perpendicular. Our typical contact hole filling problem thus looks like Figure 135. Notice that the layer is interrupted in the hole. In consequence, the technique can not be used to deposit most of the layers.
· It is also clear that it is very difficult or even impossible to produce layers with arbitrary composition, e.g. Al with 0,3% of Si and 0,5% of Cu. You would need three independently operated furnaces to produce the right mix.
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Figure 135. Contact hole filling of the evaporation.
7.3.3 
Electromigration

The Figure 136 shows an Al circuit line of an IC; it is about 1 µm across. It has been "stressed" for some time by running a DC current through it at temperatures and current densities somewhat higher than what it would encounter in normal operation. The minus pole was on the left. The current density may have been in the 105 A/cm2 region (this is a hell of a current density - several orders of magnitude larger than what you would feel confortable with in normal wires). 
The conductor line obviously has suffered from this treatment. In its left part - close to the minus pole - holes or pits have been formed, and in its right part - close to the plus pole - we have extrusions or hillocks. Obviously, substantial amounts of Al have migrated to the right, leaving the back holes and generation hillocks. 

Considering that a huge number of electrons were driven from left to right by the current source, it almost looks as if those electrons have pushed some Al-atoms along. This is indeed what has happened. The phenomena of electromigration is, in general terms, the drift of the Al atoms induced by the "electron wind" (remember that there is always some self-diffusion, but without any driving forces, the net diffusion current in one direction is always cancelled by the exact opposite current in the other direction). 

Exactly how those electrons push atoms about, is still a bit obscure, but the effect is clearly there, and appreciable in finite time spans if the current densities are extremely large. Notice that the process of electronmigration becomes worse when some holes or pits are already formed. In this case the section of the Al line is reduced and the density of the current, (total current)/area, is increased, accelerating the drift process. Additionally, the electronmigration also becomes worse with the increase of the temperature. 
The electronmigration fails are longer term fails, that means, they will occur after some years of the operation. It can be reduced by adding small quantities of a second metal, such copper, to the aluminum to inhibit the movement of the aluminium atoms along the grain boundaries. The addition of 2-3% copper increases the long term, current-handling capability by two orders of magnitude without greatly increasing the resistivity of the film. 
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Figure 136. Electronmigration in Aluminum.
7.3.4 
Spiking and Epitaxial Si in Contact Holes

Spiking

When we make a contact to the structures in the Si, for example to source and drain regions, we first cover everything with an insulator - SiO2 - and then make contact holes in the proper places. Next we cover everything with a metal - if we stay simple we just use Al. We have a lot of other processes after that, and we will have to heat up the wafer to some extent for doing whatever needs to be done. What happens if we bring Si in contact with Al (or any other metal, for that matter) and heat it up to some extent?
Well - consult the phase diagram, and it will tell you what you should expect at whatever temperature you chose. Figure 137 presents the Al - Si phase diagram. What it tells us is that somewhat below 600 oC we will have an eutectic. In other words, above the eutectic temperature, "things" will melt. In yet other words, after Al deposition, we must not raise the temperature above the eutectic temperature ever. In order to stay on the safe side, we must even keep it below about 500 oC.

This is not so good, but something else is worse: the solubility of Si in Al around 500 oC is finite - about 2 % one would estimate - while at room temperature it is practically nil.
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Figure 137. Al - Si phase diagram.
So what happens if you heat up Al in contact to Si? The Al will try to incorporate some Si; it will do a sort of "suck it up" from the Si substrate. In more scientific terms we talk about Si atoms diffusing into the Al (and Al atoms diffusing into the Si) and temperature dependent quantities like diffusion coefficients are involved. 

Now if we have some of the Si in the Al, this Si must be missing somewhere else. Obviously right below the Al-Si interface we must expect some "missing" Si. On the other hand, if we are lucky, the "missing" Si is uniformly distributed, i.e. the whole surface of the Si moved down a bit. However, Murphy's law (what can go wrong will go wrong) applies, and on occasion all the Si moving into the Al comes from one rather localized spot at the interface – in this case we get a "spike". This is shown very drastically in the Figure 138.
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Figure 138. Spike and a short-circuited pn-junction formation.
At the same time that the Si diffuse, also the Al will diffuse in the room left by the Si - our spike is filled with Al and we may have a short-circuited pn-junction! This is not good. Remember: one spike/short circuit in just one of the > 50 million or so contact holes will kill the whole IC. We must fix that problem.
Easy, you say (Do you see the obvious solution?). We do not use pure Al, but Al already containing some Si, so it does not have to "steal" Si from the substrate to meet its solubility needs at higher temperatures. 

Right. That is exactly what we will do. We use Al alloyed with 0.5% - 1 % of Si. No more spikes will form, and as the process engineer in charge you can sleep well again at night. Really? Yes, you will. For a few years at least. But then you slumber will become unruly again, because as dimensions shrink, you run into new problem. 
Si Precipitation in the Contact Hole

You now will use Al + 0.7 % Si as your contact material. The dictate of the phase diagram with regard to the Aluminum needs of Si at your highest temperature are met; no spiking will occur. How about the needs of the Al at room temperature? 
Unhappily they are not met, because Si solubility at room temperature is negligible. The phase diagram dictates that Si precipitates should form due to the 0.7 % of Si. This will need some nucleation and may be kinetically difficult in the bulk of the Al, but at the Al-Si interface we already have Si and nucleation is easy. In essence, we must expect the reverse of the "sucking Si into Al" process to take place in the interface. The Al will "spit out" its surplus Si and deposit it right at the interface.
Si precipitates will grow epitaxially (there is no reason why not) on the Si below the Al. We must expect to find some Si islands on top of the Si. That is exactly what we see in the Figure 139: in the left hand picture we have a nice balance of a few shallow spikes and some Si precipitates following the contours of the grain boundaries in the Al (which has been etched off). This is not surprising, because precipitation is a diffusion process, after all, and diffusion along grain boundaries is faster then in the bulk; in the right hand picture we have rather large precipitates, almost taken up all the space in the contact hole.
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Figure 139. Balance of a few shallow spikes and some Si precipitates, left, and large precipitates taking up the contact hole, right.
 The question, of course, is: does it matter? We still have some Al in contact to our Si substrate, and then we have Al in contact to the Si precipitates and the Si precipitates in contact to the Si substrate. So, there are plenty of possibilities to run a current through the contact.

Right, but Al in Si is an acceptor, and we must expect the Si precipitates to be saturated with Al and thus heavily p-doped. No big problem as long as the Si below the contact is p-doped, too, but a big problem for n-doped Si and small contacts. In this case part of the contact area is now a pn-junction, blocking current flow in one direction. It is clear that the contact resistance always increases with decreasing contact area, but if we have p-doped Si precipitates, we have only part of the geometrical contact area for the contact to n-type Si. What we get as a function of the contact hole size for the n-doped case is shown in the Figure 127 in red.

The message is clear: Contact resistance will be too large at some point. So what do you do?
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Figure 140. Contact resistance for several possibilities of metals.
 Without the Si, you get spikes; with the Si you get precipitates and a contact resistance that is too large. There is no choice anymore: you need a new material; in this case a diffusion barrier between the Si and the Al.

Introduce, e.g., a thin layer of Ti/TiN between the Si and the Al, and your contact resistance problems are solved, as seen in the Figure 140. If you also throw in contact hole filling with W-CVD, you now have a structure like the one on the title page. The problem is solved, except, of course, that now you have to worry about how to make and structure this layer, how to measure how thick it is, and if it has the required properties (assuming that you know that). You must worry if the new diffusion barrier interferes with the reliability of the metallization (after all, electromigration in the metal is one of the major causes of premature device failures), and if can keep the additional processes cheap.
In other words, introducing a new material is a long and cumbersome process, and a frustrating one. Nobody tells you, that TiN is the right one! You (meaning you and your team) should find that out yourself. In this process you will test many materials, most of which will not be the right ones, and you will spend many hours of your time and a lot of (other peoples) money.

7.3.5 
Requirements for Chip Metallization

The metal lines connecting transistors or other components on a Si chip must meet many, partially conflicting, requirements. In Table 11 we find a list of the requirements and a list of some materials, possible candidates for building the connecting lines and that do not meet the particular requirement very well.

Can you guess the winner? The winner is: Aluminum (with <1% of Si and Cu added). Al, in fact, is pretty bad - but all others are worse!

Table 11. List of the requirements for a good connection material and of some materials that do not meet the particular requirement.
	Desired Property
	Materials not meeting requirement

	Very good conductivity
	Ag, Cu são os únicos que satisfazem

	High eutectic temperature with Si
(> 800 oC would be good)
	Au, Pd, Al, Mg

	Low diffusivity in Si
	Cu, Ni, Li

	Low oxidation rate; stable oxide
	Refr. Metals, Mg, Fe, Cu, Ag

	High melting point
	Al, Mg, Cu

	Minimal interaction with Si substrate
	Pt, Pd, Rh, V, Ni , Mo, Cr (form silicides easily)

	Minimal interaction with poly Si 
	Same as above

	No interaction with SiO2
	Hf, Zr, Ti, Ta, Nb, V. Mg, Al

	But must stick well to SiO2
	?

	Must also comply with other substrates, e.g. TiN
	? (see example for Al)

	Chemical stability, especially in HF environments
	Fe, Co, Ni, Cu, Mg, Al

	Easy structuring
	Pt, Pd, Ni, Co, Au

	Electromigration resistant
	Al, Cu

	.... and many more (ohmic contacts with n and p type silicon, etc.)
	


Presently (2001) a switch to Cu takes place (the better conductivity is definitely needed). The industry will pay several 109 Dollars to develop the new material technology and change the production facilities.

7.3.6 
The Contact Hole Problem 

The metallization of chips for some 30 years was done with Aluminum as we know by now. Al, while far from being optimal, when combined with Si, less than about 0,5 %, and often with a little bit (roughly 1 %) of Cu, V, or Ti has the best over-all properties (or the best "figure of merit"). These extra elements are added in order to avoid deadly "spikes", to decrease the contact resistance by avoiding epitaxial Si precipitates, and to make the metallization more resistant to electromigration.
Sputtering is the only process that can deposit an Al layer with a precisely determined addition of some other elements on a large Si substrate. There is an unavoidable problem however, that becomes more severe as features get smaller, related to the so-called "edge coverage" of deposition processes. Many Al atoms hitting the substrate under an oblique angle will not be able to reach the bottom of a contact hole which thus will have less Al deposited as the substrate surface. To make it even worse, the layer at the edge of the contact hole tends to be especially thick, reducing the opening of the hole disproportionately and thus allowing even less Al atoms to bottom of the hole. What happens is illustrated in Figure 141.
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Figure 141. Contact hole coverage using sputtering.
For aspect ratios A = w/d smaller than approximately 1, the layer at the edge of the contact hole will become unacceptably thin, or will even be non-existing, and the contact to the underlying structure is not established. The real thing together with one way to overcome the problem is shown in Figure 142 (the example is from the 4Mbit DRAM generation, around 1988).
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Figure 142. Contact hole with Al rupture, left, and with edge rounding, right.
Obs.: PO denotes "Plasma oxide", referring to a PECVD deposition technique for an oxide. This layer is needed for preparation purposes (the upper Al edge would otherwise not be clearly visible).
Clearly, the Al layer is interrupted in the contact hole on the left. In fact, Al sputter deposition cannot be used anymore without "tricks" in small features technology. One possible trick is shown on the right: the edges of the contact hole were "rounded". "Edge rounding", while not easy to do and consuming some valuable "real estate" on the chip, saved the day for at or just below the 1µm design rules. 

A most durable solution is the application of Tungsten CVD just for filling the contact hole with a metal. In this case, the wafer was first covered with tungsten until the contact holes were filled (cf. the drawing in the CVD section). After that, the tungsten on the substrate was polished off so that only filled contact holes remained. After that, Al could be deposited as before.

However, depositing W directly on Si produced some new problems; related to interdiffusion of Si and W. The solution was to have an intermediary diffusion barrier layer (which was, for different reasons, already employed in some cases with a traditional Al metallization). Often, this diffusion barrier layer consisted of a thin TiSi2/Ti /TiN layer sequence. The TiSi2 formed directly as soon as Ti was deposited (by sputtering, which was still good enough for a very thin coating), and the Titanium Nitride was formed by a reactive sputtering process. Reactive sputtering in this case simply means that some N2 was admitted into the sputter chamber which reacts immediately with freshly formed (and extremely reactive) Ti to form TiN.

A typical contact to, lets say, a p-type Si now consisted of a (p-Si)/(p+-Si)/(TiSi2)/Ti/(TiN)/W/Al stack, which opened a new can of worms with regard to contact reliability. Just imagine the many possibilities of forming all kinds of compounds by interdiffusion of whatever over the years (see Figure 143)
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Figure 143. Stack of layers in a contact ([Fu07]).
The end of sputtering for the 1st metallization layer was unavoidable - despite valiant efforts of sputter equipment companies and IC manufacturers to come up with some modified and better processes - and a totally new technology will be necessary.
But here we stop. Simply because meanwhile (i.e. 2001), contacts are even more complicated, employing Cu (deposited galvanically after a thin Cu layer necessary for electrical contact has been sputter deposited), various barrier layers, possibly still W, etc.

8. CMP Chemical Mechanical Planarization
Planarization is a technique defined to obtain one or both of the following goals:

· Topography smoothing: the conversion of abrupt, vertical steps to gradually sloping transitions.
· Step height reduction: the reduction of elevation differences
Ele é necessário para a implementação de high density circuits pelas seguintes razões:
· Sub-micron features require the highest resolution imaging techniques. This implies short wavelength and high numerical aperture lenses resulting in small depth of focus. Assim, as ondulações na superfície do circuito devem ser reduzidas ao máximo.
· Sub-micron devices require shallow trench isolation: no processo de fazer as isolações com “buracos”, se utiliza a planarização. Isso é mostrado na Figure 144.
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Figure 144. Shallow trench isolation formation.
· Sub-micron devices at high packing density require several levels of sub-micron interconnect wiring. Quanto mais níveis de interconexão, maiores ondulações surgem nas camadas superiores. Sem etapas de planarização é praticamente impossível garantir a continuidade das camadas de metal. A Figure 143 ilustra um processo onde ha três metais e não há planarização. Pode-se imaginar o que acontecerá se novas camadas de metal forem empilhadas, sete ou oito camadas por exemplo. Na Figure 145 vemos um processo onde há oito níveis de metal; nele é realizada a planarização (observe que os níveis de metal têm as superfícies bastante planas).

[image: image202]
Figure 145. Processo com oito níveis de metal.
8.1 The Cupper Application on IC
For the last thirty years, aluminum alloy metallization has remained the workhorse of the semiconductor industry in fabricating interconnects for the production of integrated circuits. Aluminum alloys have low resistivity (3.0–5.0 m-cm) and are amenable to low cost, high-throughput fabrication processes. Because these alloys are able to form a passivating oxide film, they can be easily patterned and etched. Moreover, aluminum alloys show good adhesion to most dielectrics used in the industry. While early devices were made with an all-aluminum-alloy metallization scheme, much of the industry migrated to tungsten plugs for contact and via fill at the 0.5 m technology node, and aluminum alloys served only as interconnects. When used in conjunction with refractory cladding materials such as titanium and titanium nitride (TiN), aluminum alloys exhibit enhanced reliability such as resistance to stress-induced voiding and electromigration. Therefore, the industry has opted to stay with aluminum alloy metallization and has extended the life of aluminum alloys to the 0.25 m technology node.
With ever-increasing demands to shrink dimensions of microelectronic devices, interconnect scaling has made limited advances in high-performance integrated circuits. Interconnect resistance and capacitance (also known as RC-product) have become important parameters in determining integrated circuit design, design rules, packing density, and device performance. For sub-0.25 m technology, the interconnect RC product, not the intrinsic gate delay, has become dominant in determining overall device performance (Figure 146). 
[image: image203.png]LD T

0.5 035 025 048 013 0.09 0.065
Generation





Figure 146. Atrasos causados pelas portas lógicas e conexões.
The ever increasing needs for faster devices with low power consumption have demanded to the reduction of interconnect delays or, in other words, the reduction of the RC value. Decreasing RC values, on its turns, have prompted a flurry of activity in the design and process communities. To lower the capacitance, new insulators and methods of processing with materials having lower dielectric constants (k < 4; dielectric constant of the silicon dioxide is 3.9) have shown promise. To lower the resistance of metal lines, the industry turned to a material of lower resistivity, namely copper, with a resistivity less than 2 m-cm. Reductions in both the dielectric constant and metal resistivity have helped reduce the number of metal layers required for optimal chip performance. Circuit-design models have helped identify critical path interconnects, provide optimal layouts, and avoid over-design. Nowhere have improvements in the RCproduct been more useful than in high performance devices such as microprocessors. The requirements of such devices have necessitated drastic changes in interconnect materials and, in response, the industry has been quick to adopt copper as an alternative to aluminum alloys.
Copper was first reported to be an alternative to aluminum alloy metallization in the fabrication of integrated circuits in 1997. Since then, knowledge of process requirements and reliability issues associated with copper interconnects have grown significantly. The Cu wiring has advantages of significantly lower R (resistance), higher allowed current density, and increased scalability, relative to comparable Ti/Al(Cu) wiring.

8.1.1 
Fabrication Processes for Copper Interconnects

With the introduction of copper metallization, new fabrication processes have been introduced in the manufacturing line. For example, metal etch processes, critical for aluminum alloy interconnects, have been completely eliminated. However, newer processes such as damascene and dual damascene fabrication and electroplating have created new challenges for the process engineer.
In order to appreciate the details of these challenges, it is useful to review the processing options available for the formation of Dual Damascene structures. Because Copper does not form a volatile by-product, it is very difficult to etch, and therefore Copper metallization schemes can not be realized using the traditional subtractive etching approach used to form Aluminum metal lines. The Dual Damascene technique overcomes this problem by etching a columnar hole, followed by a trench etch into the inter-layer dielectric (ILD), and then filling both structures with Copper which is subsequently polished back (using Chemical Mechanical Polishing (CMP)) to the surface of the ILD. The result is a vertical Copper via connection and an inlaid copper metal line. 

A key issue here is which of the two etches in the Dual Damascene process (the via etch or the trench etch) should be performed first, as well as the selection of an appropriate barrier material.

The Trench-First Approach

In this methodology, the wafers, covered with two dielectric layers and three stop layers (hard masks), are coated with photoresist (Figure 147a.). The photoresit is lithographically patterned, and an anisotropic dry etch cuts through the surface hard mask (typically Silicon Nitride), and down through the low-k dielectric, stopping on the embedded etch stop layer (also typically Silicon Nitride). The photoresist is then stripped, leaving behind a trench in the ILD. The surface hard mask on top of the ILD is required to protect the ILD from the photoresist stripping process. This is because the low-k materials that form the ILD are susceptible to the same chemistries that strip photoresist. In addition, the surface hard mask acts as a CMP stop during subsequent copper polishing.
Next, photoresist is again applied to the wafers and lithographically patterned. The etch cuts through the embedded etch stop layer and down through the ILD, to the final Silicon Nitride barrier located at the bottom of the via. The bottom barrier is then opened with the final etch and the photoresist is stripped out.
Next, a thin Tantalum ou TiNi barrier is deposited which lines the Dual Damascene structure and acts as a barrier to prevent the Copper (deposited in the next operation) from diffusing into the ILD. A Copper seed layer is next deposited using PVD and the bulk Copper is deposited via electroplating. The Copper is then polished back using CMP to the surface of the trenches, a thin Silicon Nitride barrier is deposited on top of it, and the Dual Damascene structure is completed.
Obs1.: Physical Vapor Deposition (PVD) is a process by which a thin film of material is deposited on a substrate according to the following sequence of steps:  1) the material to be deposited is converted into vapor by physical means; 2) the vapor is transported across a region of low pressure from its source to the substrate; and 3) the vapor undergoes condensation on the substrate to form the thin film.  In VLSI fabrication, the most widely-used method of accomplishing PVD of thin films is by sputtering (the convertion into vapor is done by a plasma gas).
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Figure 147. The trench-first approach for the Dual Damascene process.
Obs2.: Electrochemical Deposition (ECD) or electroplating is one important applications of electrolytic cells, in which a thin layer of metal is deposited on an electrically conducting surface. Figure 148 shows a graphical representation of a single electroplating cell in a tool. 

When a conducting surface is immersed in a solution containing metal ions and this surface is electrically connected to a power supply that passes current through the surface to the solution, metal will be deposited on the surface. This is the ECD process. The barrier layer (Tantalun or TiNi), although still conductive, has significantly higher resistivity than copper; therefore, a thin seed layer of copper is deposited over the entire wafer prior to the ECD process step. A high resistivity metal layer will cause a significant voltage drop across the wafer, resulting in copper being deposited in island formations rather than uniformly. 
[image: image206.emf]
Figure 148. Diagram of an electroplating tool.

A simple electrochemical cell is shown in Figure 149, and the associated electrode reactions are presented below. 

[image: image207.emf]
Figure 149. Copper electrochemical cell.
The electrolyte is a copper sulfate solution:

CuSO4(aq) → Cu2+ + SO42-
Where aq = Solution

At the cathode (wafer), either H2O or Cu2+ could undergo reduction, depending on the reduction potential ε0:

Cu2+(aq) + 2e- → Cu(s) 
ε0 = +0.32V

2H2O + 2e- → H2 + 2OH- 
ε0 = -0.83V

Where ε0 = Reduction potential; s = Solid.
Since the reduction potential for copper is more positive, it will more readily undergo reduction. Similarly, at the anode, either H2O or SO42- could undergo oxidation. The final redox reactions are:

At cathode (wafer surface) 2Cu2+(aq) + 4e- → 2Cu(s) 
reduction

At anode 2H2O(l) → O2(g) + 4H+(aq) +4e- 


oxidation
Where l = Liquid; g = Gas.
The cathode and anode reactions balance each other in order to maintain electrical neutrality in the solution. It is also possible to use a solid copper anode, as shown in Figure 150, in which case the cell and reactions are as follows:
At cathode (wafer surface) Cu2+(aq) + 2e- → Cu(s) 

reduction

At copper anode Cu(s) → Cu2+(aq) + 2e- 


oxidation

[image: image208.emf]
Figure 150. Electrochemical cell with solid copper anode.
The major drawback of the trench-first approach is that after the trench has been etched, the photoresist that is applied for the via step will completely fill these trenches (refer to Figure 147d). Thus, the photoresist can be said to have “pooled” in the trenches, creating local regions of extra thick resist right in the areas where the vias are to be patterned. Forming the very fine via structures in such thick resist is extremely difficult, and the processing margin for via formation becomes untenable at very small geometries. As a result, the trench-first approach to Dual Damascene formation was largely abandoned at the 0.25µm technology node.
The Via-First Approach

In this methodology the wafers are first coated with photoresist and then lithographically patterned (Figure 151). Next, an anisotropic etch cuts through the surface hard mask and etches down through the ILD and the embedded etch stop, and stops on the bottom Silicon Nitride barrier. It is important that the via etch does not break through this bottom layer, because if it does, the via etch will sputter the Copper located beneath the barrier up into the unprotected via hole. The Copper will then quickly diffuse into the ILD, leading to device failure.
Next, the via photoresist layer is stripped, and the trench photoresist is applied and lithographically patterned. Some of the photoresist will remain in the bottom of the via (refer to Figure 151d), and prevent the lower portion via from being over-etched during the trench etch process.

An anisotropic etch then cuts through the surface hard mask and down through the ILD, stopping at the embedded hard mask. This etch forms the trench. The photoresist is then stripped and the Silicon Nitride barrier at the bottom of the via is opened with a very soft, low-energy etch that will not cause the underlying Copper to sputter into the via.
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Figure 151. The via-first approach for the Dual Damascene process.
Finally, the Tantalum or TiNi, Copper seed and bulk Copper are deposited and planarized using CMP, as previously described in the trench-first approach. The via-first approach has been widely adopted for small geometry devices because it avoids the photoresist pooling effect that occurs when the trenches are formed before the vias. The only pooling of photoresist that occurs happens at the bottom of the already formed via, and this has the beneficial effect of shielding the lower via from the trench etch.
A Figura 152 apresenta Cu num processo da IBM, antes e após a planarização; a Figura 153 apresenta caracteristicas de alguns metais utilizados em microeletrônica.
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Figura 152. Processo original IBM com Cu Damascene.
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Figure 153. Características de metais para fabricação.
8.2 Planarization Methods

The methods of planarization are
· Thermal flow
· CVD and Reflow
· RIE Etchback of sacrificial layer
· Spin-on-glass (SOG)
· Variations of above
· CMP
O que é CMP?

· To flatten the surface of an integrated circuit by using a polishing process, i.e., by rubbing with a pad and slurry to remove the high regions of the circuit.
· High regions on the circuit should be removed by an equal amount, regardless of their area. Removal should be uniform across the whole wafer (many circuits).
· Removal must occur without causing damage to the circuit, or the wafer.

The best planarization method, and the most sophisticated, is the CMP. Why is CMP so great?

· It is the only process which can planarize on a global scale. Alternative planarization processes are affected by the pattern size and density.

· It is an enabling process:

· Maximizes lithographic performance.

· Improves cleaning.

· Reduces yield limiting defects from other processes.

· Permits the use of difficult-to-etch metals such as Cu.

Apenas por meio de CMP é que se obtém resultados como mostrados na Figure 145. O significado da sigla CMP é:

· Chemical Mechanical Planarization: Polishing for the purpose of planarizing integrated circuit structures, and other microelectronic devices.

· Chemical Mechanical Polishing: Includes traditional polishing, eg. Optics, semiconductor wafer preparation, metals.

What is lapping and polishing?

Lapping – To planarize or to create desired shape or dimension. To produce a uniformly abraded surface with known degree of sub-surface damage (~1/4 of grit size). Características de como é feito: 

· With slurry of water and 8-micrometer alumina grit.
· Cast iron lapping plates, double side lapping produces flatness and parallelism < 2 µm.
· Typical removal, 50 µm per side.

Lapping é feito no wafer logo após o corte do tarugo para deixa-lo plano, como vimos.
Polishing – To remove residual damage from lapping without producing new damage. To create a microscopically smooth surface. Does not change the shape of the surface. Características de como é feito: 
· Gentle rubbing with a soft pad saturated with polishing slurry (CeO2, Fe2O3, ZrO2, SiO2). It involves both a chemical and a mechanical component. At pH=10.5.
Também é feito o polishing no wafer quando ele é produzido, após o Lapping. A planarização é semelhante a esse polimento, utilizando equipamentos semelhantes (Figure 154 e Figure 155) mas misturas diferentes.
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Figure 154. Representação esquemática do polimento e da planarização([Fu07]).
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Figure 155. Equipamento de polimento e planarização ([Fu07]).
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� � HYPERLINK "http://nobelprize.org/nobel_prizes/physics/laureates/1956/index.html" �William B. Shockley, John Bardeen, Walter H. Brattain� ganharam o prêmio Nobel de física pelas pesquisas em semicondutores e descoberta do efeito transistor em 1956. Bardeen recebeu outro Nobel em 1972 pelo desenvolvimento da teoria da supercondutividade. 


� Jack S. Kilby recebeu o prêmio Nobel em 2000 por sua contribuição na invenção do circuito integrado.


� Robert Noyce, após trabalhar na empresa de Schockley, fundou com outros colegas, em 1957, a Fairchild. Esta empresa dominou a área de circuitos analógicos na década de 60. Em 1968 deixou a Fairchild para fundar a Intel.


� No longer true in 2004! Germanium wafers may (or may not) make a come-back; but they are certainly produced again.





� A system of lines, dots, cross hairs, or wires in the focus of the eyepiece of an optical instrument (Webster)





� Something as a protective coating that resists or prevents a particular action (Webster, second meaning) 





� A thin skin or film especially made for optical uses.
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