UNIVERSIDADE ESTADUAL DE CAMPINAS
FACULDADE DE ENGENHARIA ELETRICA
DEPARTAMENTO DE SEMICONDUTORES INSTRUMENTOS E FOTONICA

F \j‘{\u By MOl . e e, m.mwmm_mm_umm_

;; G‘"’ﬂ“‘ﬂ(‘ i f«_\ f}(&f L \ da tese
| L W}”w «f /c /d / -
dugador, . f}w DA fa @m maw |
O { / Oéﬂ """ \% A \g :

ﬁa@ e *‘fﬁu\ﬂ !E..»eb)j ;i? Qr:pﬁ{ ;\5\ |

e i/ Orientador © ")

Corrosao de Tungstemo por—Plasma

. el
Autor : Patrick Werdonckm/mé

Orientador : Jacobus W, {Swart A

Rt
¢ . [ A I S
SIRNTRRCA AN A

Tese apresentada & Faculdade de
Engenharia Elétrica da UNICAMP
como parte dos requisitos para
obtencao do titulo de Doutor em
Engenharia Elétrica

Abril de 1993




Aan Rudi. Luce en Julia



Agradecimentos

Agradeco primeiramente agueles sem 0S quais este trabalho
nunca teria sido realizado

Jacobus W. Swart, meu orientador, pela motivacdo dada,
desde do inicio do doutorado, pela orientaciio, sugestdes,
observacdes criticas e correcdes;

Israel Geraldi, pela ajuda na preparagido do manuscrito.
Agradeco também

IMEC v.z.w. e principalmente Gilbert Declerck e Luc Van
den hove pela total liberdade que foi dado no uso dos
laboratbdrios e a infraestrutura global de IMEC;

todas as pessoas dos grupos MP e VMT para as discussdes
e as preparaches de amostrasg, principalmente Pascal De
Geyter, Serge Van Haelemeersch, Herman Meynen, Marylinn
Stone, Marcel Lux, Johan Vertommen, Peter Vermeulen e Roger
Palmans;

Hugo Bender pelas andlises Auger e as discussdes sobre
os resultados;

Cobrain N.V. pelo uso dos eguipamentos SWAFER e Matrix
303, e para todas as modificacbes que foram feitas nestes
equipamentos para tornar alguns testes dedicados possiveis;

Guy Brasseur, Cristiane Jehoul, Pierre Bruneel, Johan
Vandersmigsen, Frank Coosemans e Mark Van Cauwenberghe pelas
discussdes e pelas prepara¢bes de amostras;

LS8I-PEE-EPUSP pela total liberdade gque foi dada para
desenvolver este trabalho;

Anténio Carlos Seabra, Roberto Katsuhiro Yamamoto,
Carlos Takeo Akamine, Renato Marcelo Franzin, Ronaldo
bomingues Mansano e Nelson Bernardo pela ajuda na preparacio
do manuscrito;

todas que ajudaram diretamente e indiretamente na
realizacdo deste trabalho.

Este trabalho foi feito com ¢ apoic financeiro da RHAE -
CNPg.



Resumo.

Neste trabalho apresentamos ¢ desenvolvimento de processos de
"back-etch” para a formacdo de “plugs” e de processos para
obter estruturas em tungsténio com paredes verticais. 2o
mesmo tempo apresentamos ¢ estudo dos mecanismos da corrosio
de tungsténio por plasma.

Neste trabalho usévamos principalmente dois tipos de
equipamentos de corrcsdo por plasma. O primeiro tem a
poténcia aplicada a uma freguéncia de 25 kHz, ao invés da
tradicional 13,56 MHz. O segundo é do tipo reator com
confinamento magnético. Em ambos 0s sistemas é possivel
obter corrosdo guimica e corrosido induzida por bombardeamento
idnico.

Conseguimos obter bons processos de “back-etch” em ambos os
@quipamentos.

E possivel obter estruturas de tungsténio com paredes
verticais em ambos Os equipamentos. Porém a seletividade de
tungsténio para fotorresiste é sempre baixa, tipicamente 1:1.
Portanto precisar-se-ia de um tipo de mAscara especial para a
corrosdo de tungsténic guando este & usado como interconexio.
A maioria dog mecanismos, como descritos na literatura fol
confirmada neste trabalho. Onde ha contradi¢des na
literatura, conseguimos determinar qual mecanismo é valido,
como no casc de corrosdoc gquimica, ou em quais circunsténcias
qual mecanismo é valido, como no caso da formagdo e
influéncia do 6xido de tungsténio. Podemos também concluir
gue para a grande maioria dos processos, o mecanisme gue
limita a taxa de corrosdo do tungsténio, ¢ a chegada das
espécies reativas na superficie da 18mina. Para o0s outros
processos, ha fortes indicac¢des que a interac¢do plasma-
tungsténio-resiste causa fendmenos gue limitam a taxa de
COrrosio.

Ag conclusdes deste trabalho ndo sdo apenas validas para os
equipamentos estudados aqui, mas também para outros sistemas.



Abstract.

In this work, we present the development of processes to
obtain a back etch process for plug formation in via holes
and of processes to obtain tungsten structures with vertical
walls. At the same time, the mechanisms behind the tungsten
etching were studied.

These studies were mainly performed in two different types of
equipment. The first one is a system with power applied at
25 kHz, instead of the traditional 13.%6 MHz. The gsecond
equipment is a magnetically confined reactor. In both
systems it is possible to have chemical etching and
bombardment enhanced etching.

We were able to develop good back etch processes in both
equipment. It is possible to obtain tungsten structures with
vertical walls in both equipment, but the selectivity of the
tungsten towards the resist is always low, typically 1:1.
Therefore, one would need special mask structures or
materials for this type of etching of tungsten when it is
used as an interconnect material ( e.g. as metal 1 ).

Most of the mechanisms of the tungsten etching as reported in
the literature were confirmed in this work. Where there are
contradictions, mainly about the possibility of c¢hemical
etching of tungsten and the formation and influence on the
etching of the tungsten oxide, we were able to draw one
conclusgion, e.g. that chemical etching is possgible, or
indicate in which circumstances one mechanism is wvalid and in
which circumstances another mechanism is valid, as in the
case of the etch delaying role of tungsten oxide. We could
also conclude that the arrival of the active species at the
surface of the wafer is the etch rate limiting step most
processes., For other processes, we have strong indications
that the interaction plasma-tungsten-resist induces some
phenomena which limit the etch rate. and for some other
processes the removal of the etch product can be indicated as
the etch rate limiting step.

These conclusions are not only valid for the systems studied
in this work, but also for other types of egquipment.
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Capitulo 1 : Introducio.

Para obter circuitos integrados (CI's) mais e mais potentes,
nac basta mals simplesmente reduzir as dimensdes das
estruturas : hoje em dia é indispensével de introduzir novos
materiais gue aumentardo a performance dos dispositivos.
Pode-se dizer gue o primeiro material "novo" na tecnologia
MOS era © silicio policristalino como material que substituiu
aluminio como material de porta do transistor. Mais e mais,
novos materiais entraram na tecnologia MOS, principalmente
metais, tais como Ti e Co como matéria prima para formacdo de
silicetos ( e "salicide" ) e outros metais para formacio de
barreiras.

Uma das primeiras maneiras de uso de tungsténio em processos
MOS era na liga com Ti, formando TiW para usc como barreira.
Recentemente, a utilizacdo de tungsténic aumentou bastante
[{1.1], principalmente como material para interconexdc entre
dois niveis de metal, os chamados "plugs" [1.2,1.3]. Duas
outras aplica¢des usadas comercialmente hoje sdo : 0 usc como
material de mascaramento para raios X em mascaras de raios X
[1.4] e o uso como primeira camada de metal em estruturas com
3 ou mais camadas de metal [1.5]

Tungsténio é utilizado também como material de porta em
MESFETS em GaAs, para a fabricacdoc de transistores auto-
alinhados. Também siliceto de tungsténio pode ser usado como
material de porta, tanto em tecnologia de Si guanto em
tecnologia de Gahds [1.6,1.7]

Tungsténio de corpo tem as seguintes caracteristicas fisicas:
- alta temperatura de ebuligao : 3410°C

- peso molecular alto : 183.8 g/mol

- densidade alta : 19.35 kg/dm3

- resistividade elétrica baixa : 5 uOhmcm

Além disso, tungsténio tem algumas propriedades muito
interessantes para a microeletrdnica:

- boa estabilidade a alta temperatura

- boa registéncia contra eletromigracio

- boa registéneia contra varios Acidos

- fungidoc de trabalho no meio das funcdes de trabalho de Si
tipo p e 81 tipo n

- bom mascaramento para ralos X

- possibilidade de ser depositado tanto por sputtering quanto
por CVD

- possibilidade de ser corroidc por plasma tanto com gases
flucradeos quante com gases clorados.

Deposigdo por CVD permite uma ccbertura muito conforme de
superficies. Portanto, usando esta técnica é possivel
encher buracos que tém uma alta razdo de aspecto com muito
mais confiabilidade do gue usando técnicas de sputtering.
Como a tecnologia de CVD é muito melhor dominada para
tungsténio do que para gualquer outro metal, tungsténio é o

b



metal preferido para ser utilizado no enchimento de buracos
estreitos e profundos, como sdo tipicamente as "vias" entre
dois niveis de metal. Como a corrosio por plasma chamado
"back-etching" é também possivel, a combinac3o de deposicio
de uma camada de tungsténio ( sobre uma camada de aderéncia )
scbre um Oxido isolante, seguida por uma corrosio por plasma
esté sendo usado para formar as interconexdes entre doig
niveis de metal na maioria das aplicagdes comerciais
[1.2,1.3].

0 uso de tungsténioc como metal de linha de interconexdo fica
restryito pois a resistividade dele & 3 vezes maior do que do
aluminio. Além disso, por causa da baixa seletividade da
corrosdc de tungsténio para o resiste, a obtencdc de paredes
verticais em camadas de tungsténio de 1 pm de espessura ndo é
uma tarefa simples [1.8]

Porém tungsténio tem algumas vantagens sobre aluminio: a
primeira ¢ uma estabilidade térmica muito maior: portanto é
possivel usar ainda processos a alta temperatura quando ja hé
tungsténio nas léminas. Porém é necessério ter cuidados
especials guanto a presen¢a de oxigénic : pois tungsténio
oxida a aproximadamente 250°C na presenca de oxigénioc. Uma
segunda vantagem sobre aluminioc é a maior resisténcia contra
eletromigracdo pols o ponto de fusioc é maior e o Atomo de
tungsténio é muito mais pesado que o Atomo de aluminio.
Tungsténio foi usado para metal 1 nos DRAMs de 256k da IBM e
sera usado de novo nos DRAMs de &4M [1.5].

Cada vez mais usa-se tungsténio como material de mascaramento
em litografia de raios X por causa da baixa transmissio dos
raios X e por causa da facil deposi¢do e facil definicio das
estruturas quando comparado com ouro [1.4].

Estes aplicac¢fes de tungsténio requerem além do dominic de
processos de deposicdo, desenvolvimento de corrosio por
plasma.

Na literatura comenta-se que a seletividade tungsténio-
resiste € sempre baixa, tipicamente menor que 1:1, para
equipamentos RIE tradicionais [1.8]. 1Isto dificulta bastante
a obtengdo de linhas com paredes verticais para niveig de
interconexdo. Portanto pesquisa de processos em equipamentos
menos tradicicnais é recomendivel.

Ha grande demanda para pProcessos tipc "back-etch" de
tungsténio com alta taxa de corrosdo, alta uniformidade, alta
seletividade em relagdo a camadas inferiores e com pouco
efeito de Area ( loading effect ).

Para obter processos eficientes e reprodutiveis, precisa-se
conhecer og mecanismos basicos de corrosioc por plasma de
tungsténioc.

Objetivos deste trabalho.

Em primeiro lugar, queremos desenvolver processos para obter
dois tipos de estruturas : “plugs” de tungst@nio e linhas de
tungsténio com paredes verticais, que podem servir como
linhas de interconex80 ou mesmo como portas.
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Em segunde lugar, gueremos estudar os mecanismos de corrosio
por plasma de tungsténio, pois estes mecanismos nac sio bem
conhecidos.

Estrutura da tese.

No capitulo 2 sfo apresentados os modelos gerais de corrosdo
por plasma e mecanismos especificos de corrosfio por plasma de
tungsténio, como relatados na literatura. Dividimos os
mecanismos em dois grupos : 08 gue $30 geralmente aceitos e
08 mecanismos para 08 quais existem contradicdes na
literatura. Descrevemos ainda : a tecnologia de fabricar
"plugs", a técnica de actinometria e o uso de projeto
estatistico de experimentos.

No capitulo 3 resultados experimentais de 3 egquipamentos sio
descritos. Primeiramente os resultados no SWAFER, um
egquipamento com poténcia aplicada a 25 kHz e bastante
versatil, s@o apresentados. Testes dedicados para obtencio
de linhas com paredes verticails, para obtencédo de “plugs”,
mas também para obter um maior conhecimento de mecanismos sdo
comentados. Um processo de varias etapas para obter “plugs”
é apresentado.

No segundo equipamento, um Matrix 303, foram feitos alguns
testes para confirmar os resultados obtidos no SWAFER.

0 terceiro equipamento é& o Tegal 15xx, um sistema com
confinamento magnético. Houve énfase no desenvolvimento de
um processo de “plugs”, mas discute-se também possibilidades
de obter linhas com paredes verticais e o5 mecanismos de
corrosdo por plasma de tungsténio,

No capitulo 4 combinam-se 0s resultados dos capitulos
antericores juntos com os conhecimentos gerais de capitulo 2
para propdr um modelo qualitativo e um modelo quantitativo
simples. Através destes modelos é possivel esclarecer as
contradi¢des encontradas na literatura e explicar a maioria
dos testes decritos no capitulo 3,

Finalmente, as conclusdes e sugestdes para futuros trabalhos
s8o apresentados no capitulo 5.
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Capitulo 2 : Corrosd3o de tungsténio por plasgma:
modelos e técnicas auxiliares.

Introducdo:

Os mecanismos gerails da corrosdo por plasma sic bem
conhecidos e descritos na literatura [2.1-2.4]. Como
tungsténio & um material relativamente novoc na area de
fabricagdo de circuitos integrados ( CI's }, ndo existem
muitas publicagdes sobre a sua corros3o. A ref. [2.5] é& o
artigo mais abrangente, mas ndc é completo, nem totalmente
atual.

Temos o8 seguintes objetivos para este capitulo

1) descrever gualitativamente os vArios mecanismos envolvidos
na corrosdo por plasma, aplicados & corrosio de tungsténio;
2) fazer uma revisfo bibliogrédfica resumida de mecanismos e
modelos relatados na literatura;

3) descrever em maior detalhe duas técnicas usadas na parte
experimental deste trabalho : actinometria e projeto
estatistico de experimentos;

4) descrever a aplicacic mais usada na indGstria : formacio
de “plugs”.

2.1) Revisdo dos mecanismos gerais de corrosdo por plasmza.

O processc de corrosdo por plasma pode ser subdividido em
varios subprocessos :

1: forma¢do das espécies reativas

2: transporte das espécies reativas até a superficie a ser
corroida;

3: adsorc¢do da espécie reativa;

4: quimissorgdo da espécie reativa;

5: formagdo do produto volédtil;

6: dessorgdo da molécula volatil e remocioc pelo sistema de
bombeamento.

Cada subprocesso serd descrito sumariamente, com corrosio de
tungsténio como aplicacdo.

2.1.1) Formacdo das espécies reativas.

Normalmente, ndo sdo as moléculas que entram no reator que
reagem com © material da superficie, mas os &tomos como F,
Cl, Br. Mesmoc no casc de corrosdc de polimeros, sio os
atomos de C que fazem as ligagBes com o C e o H, nio as
moléculas Oy [2.6].

Uma excecdo € a corrosio de aluminio, para a gqual a molécula
Cly é suficientemente reativa [2.7].

Em geral, o papel principal do plasma é a formacldo das
espécies reativas, que fardo a adsor¢ao-gquimissorcdo depois
[2.2,2.3,2.58],

Gases tradicionalmente usados na corrosio por plasma sdo CFga,
SFg € NF3. Se os atomos de flior ndo forem liberados, estes

gases ndc removem o material do filme. O papel mais
importante do plasma na corrosdo de tungsténio é a formacio
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do flGor atdmico, como verificado no capitulo 5. Fazer um
modelo quantitativo deste fenbmeno € muito dificil, mas
comega a ser feito [2.8].

A energia de formagdo da ligaclo entre os atomos é um
parametro muito importante. Na ref. [2.9] acham-se estes
valores, mostrados na tabela 2.1 :

Tabela 2.1 : Energias de ligacdo para algumas moléculas
importantes para corrosic por plasma.

CFyq - F : 128 kcal/mol
SFg - F : 80 kecal/mol
NF - F : 55 kcal/mol

+ 128 kecal/mol
: 82 kral/mol
63 kcal/mol
131 kcal/mol

E =m0
oo

Destes valores podemos concluir que é mais facil gerar F com
NF3 que com SFg, enquanto que com CF, gera-se menos flior
atfmico ainda. Portanto a taxa de corrosic é em geral a
maior com NFj3, depols com SFg e é a menor com CFq.

E muito dificil determinar valores quantitativos para a
concentragdo de flGor atdmico. Através das técnicas de
fluorescéncia induzida por laser (LIF) e actinometria, é
possivel fazer algumas comparacdes entre vArios Drocessos
[2.5,2.10-2.158].

A geragdo de fllor livre pode ser influenciada pela adicio de
outros gases. Os sistemas mails conhecidos sfo : CFy + O5 e

CFgq + Hp [2.1-2.4,2.16].
Para o primeiro sistema, as seguintes rea¢des ocorrem ( entre
outras ) :

CFg + Oy  -» COp + 4F. (2.1)
2 CFq4 + Oy -> 2 COF, + 4F (2.2}

Através destas rea¢des a densidade de flfior livre aumenta.
Assim aumenta também a taxa de corrosdo para a maioria dos
pProcessos,

A presenga de carbono, na forma de um eletrodo ou mesmo como
elemento do resiste, afeta também a formacdc do fllor livre.
O carbono captura oxigénic através das seguintes reacdes

SIS

C  + 0y -> COg (
20+ 09 -» 2CO (

da (W
et St

|

Portanto had menos chances que as reacles (2.1) e (2.2}
ocorram, assim diminuindo a geracdo do fllUor livre e

diminuindo a taxa de corrosdc em geral.

Reacles similares a (2.1) e (2.2) ocorrem adicionando 05 a
SFg e NFs3.

A adigdo de hidrogénio também influencia diretamente na
concentracao de fllior livre, através da seguinte reacdo :

2 F + Hy -> 2 HF {2.5}
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Portanto, a adigdo de hidrogénio diminui a taxa de corrosio.
Para modelar o plasma, todas estas reactes devem ser
consideradas.

2.1.2) Transporte das espécies reativas até a superficie a
ser corroida.

Um fator muito importante para a taxa de corrosio & o namero
de espeécies reativas que chegam na superficie do material a
ser corroido. Este fluxo & determinado por dois mecanismos
1: a geracgdo de espécies reativas;

2: O transporte destes espécies para a superficie.

Como visto acima, uma quantizacdo do primeiro mecanismo &
extremamente dificil. £ possivel fazer alguns calculos para
determinar o segundc mecanismo, como mostrado no capitulo 4.

2.1.3) Adsorgdo e guimissorcdo.

Uma parte dos atomos de flGor gque chegam na superficie nio
formam o produto volatil WFg. Uma parte volta para ¢ plasma

sem reagir. Porém a maior parte forma uma ligacdo W-F,
através de adsorcdc e quimissorcdo. Assim formam-se
compostos WFx com x = 1,2,3 ou 4 [2.17]. Estes compostos WF,

interagem para formar o produto volatil WFg como mostradc em
2.1.4.

2.1.4) Formagdo do produteo volatil.

Nd&o é suficiente formar uma ligacdo W-F : WF ndo & um produto
volatil, porém WFg é&. Os mecanismos da formacioc deste

produto ndc sdo bem conhecidos, mas hd vairios modelos
propostos, come mostradc em 2.2 abaixo. © modelo de
dessorgac associativo [2.17] assume a formacdo de cCompostos
de WFyx ( x = 1->4 ) formando WFg através das seguintes

reacgdes

WFy + WFy -> WFg + W (2.6)
WEy + WEy -5 WEg + W {(2.7)

2.1.5) Dessorgdo.

O produto volitil, no caso de tungsténio WFg deve sair da

superficie da lamina e ser removido do reator pelo sistema de
bombeamento. Este processc é descritoc com mais detalhes na
ref, [2.19] e no capitulo 4.

2.2) Revisdo bibliografica resumida de modelos existentes
para corrosdo de tungsténio por plasma.

Segue uma revisdc de artigos sobre corrosio de tungsténio por

plasma com gases contendo flGor, que sdo relevantes para este
trabalho.

2.3



2.2.1) Cbservacdes gerais.

Tabela 2.2 mostra as temperaturas de ebulicio de possiveis
produtos volateis na corrosdo de W e de Si,

Tabela 2.2 : Ponto de ebulicdo de produtos volateis.

SiFy -86°C WBT 333°C
SiCl, 57 .6°C WOF 188°C
WF 17.5°C WOC1, 228°C
WClg 276°C WORT 4 327°C
WClg 347°C

Estes dados mostram que fllor é o Atomo mais indicado para
remover W rapldamante Aumentando a energia, por exemplo por
bombardeamento idnico, é possivel também corroer W com Cl e
Br [2.10,2.20,2.211.

A maiocria dos testes publicados aconteceram num reator com
poténcia aplicada a 13,56 MHz, alguns com microondas. Nio
houve publicag¢les com plasmas de Audio-frequéncia (AF).

2.2.2) Influéncia dos gases usados.

Muitos testes usaram os gases SFg e CFy.

AdigOes limitadas de O; (e Np) aumentam a concentracdo do
flbor livre, através de reac¢des similares a (2.1) e (2.2).
Isto causa um aumento de taxa de corrosdoc de tungsténio
(2.11,2.12,2.15,2.21-2.25]. Porém, adicionando oxigénio em
excesso, O fator de dilui¢do se torna mais importante que ©
tator de aumentc de fllor, assim diminuindo a taxa de
corrosio.

Taxas de corrosdo sdo mostrados como funcdo de concentracio
de oxigénio na figura 2.1. Na mesma figura mostra-se a taxa
de corrosdo de silicio policristalino e a concentracdo
relativa de fllor atdmico, como medido por actinometria.
Combinando estas curvas, espectrometria de massa e andlise
XPs [2.11,2.23-2.25], o seguinte modelo foi proposto :
existem 3 regimes diferentes. O primeiro é guando pouco
oxigénio estd sendo adicionado. A taxa de corrosio é
determinada pela concentracioc de F, formando WFg. Na segunda
regido, no regime intermediirio, forma-se também WOF4, O que
ajuda obter ainda uma taxa de corrosio alta apesar do fato de
WOF4 ser menos volatil que WFg. Adicionando ainda mais
oxigénio, h& competigdo entre o F e 0o O para formar ligagdes
com o W [2.11], ou pode ter diluicio demais para ficar com
uma taxa alta de corrosio,
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Figura 2.1 : Taxa de corrosfo de tungsténio e de silicio
policristalino e concentragdo de fllor atdmico em funcido do
fluxo de oxigénio.

A diferenca com o modelo de corrosdoc de Si é que fora do
produto velatil principal, WFg, forma-se também um outro

produto volatil : WOFy quando se adiciona Op. Esta a razio

gque o maximo da curva de taxa de corrosic de W estd situado
num fluxo porcentual maior de 0, que ¢ maximo da concentracio

de F. O méximo da curva da taxa de corrosic de Si esta
situado a um fluxo de oxigénio menor ainda pelas seguintes
duas razles :

1) SiOFy ( o eguivalente de WOF, ) ndo é volatil. Portanto
ndo pode contribuir & taxa de corrosio;

2) oxigénio oxida a superficie de Si, impedindo a corrosic de
Si pois é muito mais dificil de corroer Si0, que Si [2.17].
WO3 seria uma molecula estavel, mas volatil [2.27]. Na
literatura acha-se que o 6xido de tungsténio impede a
corrosdo [2.28] mas também gue ndo influencia a corrosio
[2.11].

Neste trabalho mostraremos que a influéneia do &xido de
tungsténic depende do modo de corrosdo ( e da espessura do
bxido ).

A presencga de oxigénio influencia também na anisotropia da
corrosdo. O oxigénio pode aumentar a anisotropia, quando
misturado com SFg, pelo aumento de bombardeamentc idnico
[2.25]}, mas pode também diminuir a anisotropia pela formacdo
de mais fllor livre, aumentando assim a corrosfo quimica
(dependente de outros parametros de plasma) [2.26].

Adig8o de um pouco de nitrogénio pode resultar em aumento
significativo de taxa de corros@o por 2 razdes : geracdo de
mais F e aumento de bombardeamento [2.24,2.26].

Foi relatado que para plasmas de NF3 + Op ndo se acha WOFy
[2.29] ( para processos em modo RIE ). Para estes gases
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também propde-se uma corrosio induzido por danos. N3o foi
encontrado nenhum artigo sobre corrosio guimica com NF .,

2.2.3) A influéncia de bombardeamento idnico.

Bombardeamento i8nico pode ser um fator muito importante na
corrosdc de W. E possivel ter uma corrosio completamente
gquimica, mas um bombardeamento iénico, mesmo causado pPOr um
campo elétrico de apenas 25 V, j& aumenta a taxa de corrosdo
com um fator 2 [2.23]. © aumento da voltagem DC geralmente
resulta em uma taxa de corrosdo maior. Este aumento pode ser
obtido por um aumento da poténcia aplicada, pela diminuicdo
de pressdo, mas também pela adicdo de certos gases. Assim
esta adigdo resulta numa maior variagdo de taxa de corrosio
do gue pensado se apenas fosse avaliada a fun¢do gquimica do
gas adicionado.

Bombardeamento ifénico forma sitios ativos de W. Ali, o F
forma mais facilmente uma ligacdo gquimica com © W. Assim
pode-se aumentar a taxa de corrosio pocr uma voltagem DC de
100 V por um fator 15 { ou mais ) [2.29,2.30].

Os artigos que tratam da anisotropia mostram resultados
diferentes [2.23,2.25,2.26,2.35]. Anisotropia depende de
varios fatores, tais como material de resiste, material do
eletrodo, adi¢o de oxigénio ( ou nitrogénioc ), além dos
fatores tradicionais como : pressdo, poténcia e voltagem DC.
Alguns autores assumem gque se precisa formar um polimerc para
proteger a parede de W. Outros mostram que a formacdo de
sitios ativos no W, através de bombardeamento idnico, promove
a corrosdo vertical em rela¢io & corros3o horizontal,

2.2.4) Corrosdo quimica.

Fa

O fato que o ponto de ebulicdo de WFg & 17 .5°C indica que

corrosdo quimica ocorre menos facilmente para W gue para Si.
O mecanismo de dessor¢do associativa foi proposto [2.17]: uma
quantidade suficientemente alta de F at®mico deve ser gerado
para formar compostos WFy ( x = 1->4 ) através das reagbes

W+ F -> WF {2
WE + F -> WFy (2
WFy + F -> W'y {(2.10)
WFy + F -> Wy (2
O produto volatil WFg forma-se através das seguintes reacbes:

WFy + WFy -> WFg + W (2.12)
WFy + WEs => WFg + W {2.13)

Este mecanismo é parecido com a formacdo de SiF, pela
dessorcio associativa de duas moléculas de SiFs.
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2.2.8) Resumo dos modelos propostos na literatura.

H& concordéncia para os seguintes itens

- tungsténio pode ser corroido por flior livre, mesmo sem
bombardeamento;

- bombardeamento idnico aumenta a taxa de corrosio de
tungsténio;

- a taxa de corrosdo segue a concentracic de fllor. Para CFyg
e SFg a formacdo de WOF, sustenta a taxa de corrosfio, para
NF3 ndo achou-se WOFy.

Houve contradi¢Ses, principalmente nos seguintes dois
tépicos:

- adicdo de oxigénio diminui a taxa de corrosfo por causa de
formagdo de um 6xido de tungsténio;

- gqual o mecanismo responsavel para formacdc de paredeg
verticais.

A corrosdo quimica de tungsténio nio é bem modelada, mas ha
concorddncia sobre o modelo de dessorcdo associativa.

2.3) Actinometria

Uma técnica bastante simples para fazer anilise de plasmas é
actinometria. Esta técnica é baseada na técnica de
espectrometria de emissfo. £ uma técnica bastante usada pois
& muito simples [2.5,2.10-2.15,2.36,2.37]

A intensidade da luz emitida pelos espécies nio é apenas
proporcicnal com a densidade das espécies, mas também é
funcdo de : densidade e energia dos elétrons e da secdoc de
emissdo de luz das espécies. Tendo um gis inerte que tem
estas caracteristicas similares ao gis a ser monitorado é
possivel fazer uma andlise semiquantitativa : para monitorar
F, Ar & um gas G(til [2.36,2.37]

E necessario excitar o gas pela seguinte reacdo

e + 8 ->» 8% + @ (2.14)
onde
e” : elétron

S : egpéceie quimica
S* : espécie quimica excitada

A intensidade da luz é proporcional ac nlmero de espécies
excitadas que voltam ao estado bdsico através de emissfo de
fétons

§* -» §+ hv (2.15)

Se este relaxamento por emissdo de fétons é constante, a
intensidade da luz Ig é proporcional & taxa de geracdc de g*,

Ig = kg le’] I[s] (2.16)
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O constante kg é proporcional a eficiéncia de excitaglo Eg
que pode ser expressa como

Eqg = [ V(E) og(E) f(E) dE (2.17)
onde

v{BE) : a velccidade do elétron,

og(E) : a segdo de excitacglo

f{E}) : a fun¢do de distribui¢do de energia dos elétrons,

Aplicando estas equacdes para © gas X a ser monitorado e o
gés A de referéncia

Ix _ kX [x] _ Egx X1 {2.18)
in ka [A] Egpn [A]

Escolhendo gas A tal que oy e op sejam fungdes similares da
energia dos elétrons, Egy e Ega serfo também fungdes
similares da energia dos elétrons. Portanto : ky/kp pode ser

considerado uma constante.

Para determinar a concentracdo da espécie X, a concentracido
do gas A deve ficar constante. Portanto , o fluxo de A deve
ser proporcional ao fluxo total.

A concentragdo [A] é proporciconal com a pressdo : portanto
introduzimes o fator p”, um fator proporcional com a pressdo
total no reator

[X] = p" Iy / Ip (2.19)

Para determinar a concentracdo de flGor atfmico, usa-se Ar
como gas de referéncia com sucesso [2.5,2.10-2.15,2.36,2.37].
As liphas usadas sdo em geral 704 nm para F e 750 nm para Ar.

2.4) Projeto estatistico de experimentos.

Projeto estatistico de experimentos é& uma técnica para obter
um maximo de informacfes na maneira mais eficiente de um
certo conjunto de testes. [2.38-2.43]

Esta técnica estéd sendo usado em muitas indGstrias,
recentemente também na indistria de semicondutores.

Para obter os valores dos pardmetros para ¢ processo dtimo,
varios testes devem ser feitos. E importante determinar bem
os valores dos pardmetros do conjuntc de testes para obter
resultados significativos com o minimo de testes possiveis.
Para este trabalho fol usada a técnica de Metodologia de
Superficie de Resposta ( Response Surface Method (RSM)).

A RSM consiste de um grupo de técnicas estatisticas que
combina a estratégia experimental e analise de dados para
gerar uma equacioc empirica que represente as respostas do
processo. Este método pode ser aplicado a gualguer processo
desde que ag respostas possam ser quantificadas, tenham
comportamento de uma fun¢do continua e os fatores possam ser
manipulados independentemente, As regides de mudanga brusca
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no comportamento devem ser evitadas por causa de sua naturerza
instavel. BEm geral, as regifes de interesse s3o continuas e
podem ser explorados criando-se uma expressdo polinomial para
representé-las [2.39-2.41].

O projetc de experimento para a superficie de regposta & um
fatorial fracionado em trés ou mais niveis para cada fator.
Em geral, o projeto deve ser escolhido de modo a poder
ajustar um modelo quadritico. Um modelo quadritico é da
seguinte forma

£ f-1 £ £
Y =by + X biyXxy + L ¥ bij X3X5 + L biiX32 (3>i) (2.20)
j=1 i=1 §=2 i=1

onde
Y : a resposta
X; : os pardmetros do processo

biyx : o0s coeficientes do polinémio
f : o nGmero de fatores.

O projeto mais comum para casos de trés varidveis & o projeto
Box-Behnken, mostrado na figura 2.2.

Este projeto tem repeti¢fes dos experimentos no ponto central
para a estimativa do erro puro.

Os coeficientes bjy sdo determinados pelo método dos minimos

quadrados.

Figura 2.2 : Representacdo geométrica do projeto Box-Behnken
[2.39].

A validade do modelo pode ser verificado através da avaliacio
do fator de correlacgio R? e da andlise de variincias.

[3%]
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O fator de correlagdo é determinado da seguinte maneira :
R =X (yei - v )2 /X (yy -y )2 (2.21)

Onde :
y : o valor médio
Yei ¢ O resultado calculado pelo modelc

Yi @ O resultado experimental
portanto 0 < R2 < 1.

Como explicado na ref [2.40] quanto mais perto R? se aproxima
de 1, melhor o modelo.

O teste para verificar o ajuste do modelo criado, utiliza a
analise de varidncia. Neste teste, utiliza-se o residuo : a
diferenca entre o resultado experimental e o calculado pelo
modelo proposto. O residuo consiste de dois termos de erros:
O erro experimental e o erro devido & falta de ajuste do
modelo proposto.

O erro experimental pode ser estimado por repeticdes dos
experimentos numa dada condigdo experimental. A variacdo
entre elas nos dad a estimativa do desvio padric dos
experimentos,

O erro de ajuste do modelo criado, pode ser estimado fazendo
mais experimentos que ¢ minimo necessirio para poder estimar
todos os coeficientes b; do modelo proposto e calcular o

desvio entre o modelo e og dados experimentais.

G erro de ajuste indica se a funcionalidade do modelo
ajustado é suficiente para representar a realidade.

Na analise de varincias comparem-se estes dois tipos de
erros : se o erro do ajuste for grande a anilise indica que o

s

modelo ndo é valido.

2.5) Corrosdo de “plugs” de tungsténio.

A aplicagdo mais usada de corrosdo de tungsténio por plasma é
a “back-etch” para formar “plugs” nas vias. A deposicio de
tungsténioc é bem descrito na literatura, mas a corrosio nao.
Alguns artigos descrevem O Processoc e o problema de efeito de
drea [2.44-2.46].

A figura 2.3 mostra o objetivo desta corrosio. Uma camada de
W é depositada por cima da camada de &xido, para formar uma
camada planar. Deve-se tirar a parte sobre o dxido para gue
figuem apenas os “plugs”.

Para obter um bom processo de “plugs”, é preciso ter uma
camada de 6xido bem planar, uma camada uniforme de W por cima
de uma camada de aderéncia, em geral TiW ou TiN.
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Fig. 2.3.b: Formagdo de "plugs" : depois de corrosio

Figura 2.3 : O processo “back-etch” para a formacdo de
“plugs” .

O processc de corrosdo deve ter as seguintes caracteristicas:
- boa uniformidade;

- boa seletividade em relagdo ao oxido ou a camada de
aderéncia;

- boa detec¢do do ponto final;

- nenhum problema de efeito de 4rea.

Bsta quarta caracteristica é em geral a mais dificil para se
obter. O problema fundamental do efeito de area é que no
momento que a corrosdo acaba de remover o W sobre o éxido, a
area de material que estd sendo corroido rapidamente muda
drasticamente : de 100 % da area para alguns % da &rea.
Portanto o consumo do fllor livre é muito menor, © que
significa gue hd muito mais fllor disponivel para remover © W
dos “plugs” de dentro das “vias”. E possivel remover todo o
W dos *plugs” em alguns segundos ( para Certos processos ).
Também ocorre que se remove todo o W dentro dos plugs
enguanto que © W em outros lugares da ldmina ainda ndo foi
removido completamente [2.44]. Estes processos ndo sdo
aceitéveis.

Em geral, a solugdo é aumentar o componente fisico da
corrosac. O efeito de bombardeamento idnico & © mesmo para
peguenas Areag gue para grandes Areas [2.45]. Portanto usa-
se em geral plasmas tipo RIE e ndo plasmas do tipo apenas



quimico. Muitas vezes adiciona-se um outro gas, como Ar,
para aumentar © bombardeamento iénico [2.46].

Uma boa detec¢do do ponto final é sempre necessdrio. Em
geral usa-se a linha de F a 704 nm.
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Capitulo 3 : Desenvolvimento experimental.

Introducgéo

0 usc de tungsténic na fabricac¢do de circuitos integrados
estd se tornando cada vez mais importante. Novos processos
de deposi¢do e corrosio estio sendo degsenvolvidos
diariamente,.

Um dos grandes problemas encontrados com sistemas
tradicionais de corrosdo por plasma é a baixa seletividade do
tungsténio para o resiste. Um outro problema é o efeito de
carregamento durante a corrosdo para a obtencdo de “plugs”.
Para melhorar estes dois aspectos, corrosdes por plasma foram
feitas em dois equipamentos nio tradicionais : o Cobrain
SWAFER ¢ 0 Tegal 15xx.

Para confirmar alguns mecanismos gque ocorreram no SWAFER
foram feitos alguns testes no Matrix 303.

3.1) Processos de corrosdo por plasma no SWAFER.

3.1.1) Egquipamento.

Uma vista esquemitica é mostrada na figura 3.1.

A grande diferenca entre este equipamento e outros
equipamentos tradicionais é o fato que a poténcia é aplicada
a uma frequéncia de 25 kHz (AF) , ao invés da tradicional
13,56 MHz (RF). A poténcia pode ser aplicada nos dois
eletrcdos, deixando o outro eletrodo aterrado ou flutuante.
'Os modos de corrosdo usados foram modo RIE, guando a poténcia
estd sendo aplicada no eletrodo inferior e o eletrodo
superior estd aterrado, e o modo PF (Plasma Float) gquando a
poténcia estd sendo aplicada no eletrodo superior e o
eletrodo inferior estd flutuante.

Uma descri¢do mais detalhada acha-se no anexo IT e na ref
[3.1].
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Figura 3.1 : Vista esquemidtica do SWAFER.
3.1.2) Resultados experimentais.
3.1.2.1) Objetivos - preparacdes.

O objetivo dos testes era em primeiro lugar determinar as
caracteristicas de processos de COrrosdo neste eguipamento,
para depois desenvolver 2 tipos de processos : uma corrosio
anisotrépica, para obter estruturas em tungsténio que possgam
ser usadas como porta ou metal 1, e um processc para fazer o
“back-etch”, para fazer “plugs”.

Para fazer a caracterizacdo, taxas de corroséo,
uniformidades, seletividades e perfis de paredes foram
determinados para tungsténio e também para silicio
policristalino. A influéncia dos seguintes pardmetros foi
investigada : gases usados { NF3, 02, SFg), fluxos dos gases
( 20 até 125 scom ), pressdo ( 40 até 400 mTorr ), poténcia
(50 até 200 W) e modo { RIE ou PF ).
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Vérias corridas de laminas de 125 mm foram preparadas. &
seqiéncia era a seguinte : deposicdo de 6xido ou oxidacio,
deposigdo de uma camada de barreira : TiW ou TiN, deposicio
de 1 pm de W. VArias l&minas ni3c receberam a aplicacdo de
uma mascara; a maioria das l&minas recebeu a aplicagdo de uma
mascara de resiste, campo claro; algumas laminas receberam
uma mascara de resiste, campo escuro; algumas lidminas
receberam uma mascara de 6xido PECVD com resiste acima, campo
claro; e algumas léminas receberam uma miscara de bxido PECVD
com resiste acima, campo escuro. A influéncia das miscaras &
grande, como explicado adiante.

A definigdo da uniformidade usada agqui é a taxa minima d&a
lamina dividida pela taxa mixima da l8mina.

3.1.2.2) Misturas de NF3 e Oy em modo RIE.

O efeito do fluxc de 02 nas taxas de corrosio de tungsténio e
de silicio policristalino é mostrado na figura 3.2.
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Figura 3.2 : Taxas de corrosio de tungsténio e silicio
policristalino em funcéo do fluxo de oxigénio, para plasmas
de NF3-0Oz em modo RIE, a 150 mTorr e 50 W.

A taxa de corrosfc nfo aumenta muito com o fluxo de oxigénio
a baixos fluxos, contrariando o que foi reportado na
literatura para CF4 e SFg. Este fatc pode ser explicado pela
grande decomposicdo do NF3, pois as ligagles N-F s80 muito
menos estaveis que S-F por exemplo.

Observamos também que as taxas de corrosio sempre aumentam
com © aumento de poténecia. Quando a pressdo diminui abaixo
de 100 mTorr, a taxa de corrosdo diminui | veja anexo 2 ).

A uniformidade da corrosio de tungsténio aumenta quando
diminui a pressdo, mas é independente de poténcia ou dos
fluxos dos gases.

Sobre um didmetro de 105 mm, obtém-se valores de 96 % a 40
mTorr e 90 % a 150 mTorr. A taxa de corrosio mixima ocorre
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sempre na borda da lédmina, a minima sempre no centro : é do
tipo olho de boi (bull’s eye) tradicicnal. A uniformidade
ndo muda muito com o tipo de mascara.

A seletividade de tungsténio para resiste e 6xido de silicio
diminui quando aumenta a poténcia e/ou diminui a pressio. A
150 mTorr e 50 W, seletividade para o resiste é de 1:1 para
NF3 pure, mas diminui com fluxo de O2. A seletividade para o
6xido fica, para esta pressdoc e poténcia, ao redor de 2:1,
independente dos fluxos.

0 efeito de Area depende muito do tipo de mascara. Com uma
mascara de resiste, gquase ndo hé efeito de &rea : as taxas de
COrrosdc sao quase as mesmas Ccom campo ¢laro guanto com campo
escuro. Com mascara de 6xido, a taxa de corrosdc com campo
claro é a mesma do que com mascara de resiste, mas com campo
esCcuro a taxa aumenta em mais de 100 %. Isto indica gue ha
um grande efeito de Area. Portanto este tipo de processo nio
pode ser usado para um processe de “back-etch”,

0 perfil da parede de tungsténio & sempre vertical, para
todas as corrosdes investigadas.

Quando se use uma miscara de resiste, ndo se observa
“undercut” .

Usando uma mascara de Oxidc PECVD, observa-sge um pegqueno
“undercut” de aproximadamente 100 nm, comgo mostrado na figura
3.3. Este “undercut” ja ocorre durante a corrosdo, pois pode
ser observado também para estruturas que nao foram corroidas
completamente.

[

g

Y
)

CYER %

Figura 3.3 : Corrosdo anisotrbdpica com plasma de NF3 - Oz em
modo RIE, méscara de 6xido.
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O ponto final pode ser detectado pela variacio das voltagens
DC e AC ou por espectrometria de emissio.

A maioria dos testes foram feitas com camada intermedidria de
TiN. Quando O tungsténio é removido e se alcanca esta camada
de TiN, as voltagens AC e DC diminuem tipicamente com 10 %.
NO mesmo momento pode-se observar com o espectrfmetro de
emissdo um aumento da intensidade do espectro inteiro,
portanto também das linhas de FllUor ( por exemplo de 704 nm )
e nitrogénic ( por exemplo de 334 nm ). Depois da remocgdo da
camada de TiN, a intensidade das linhas de F permanece alta
enquanto que a intensidade das linhas de N diminui, como
mostrado na figura 3.4.
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Figura 3.4 : Intensidade das linhas de a: ¥, 704 nm, € b: N,
334 nm, no final de uma corrosio de W e Til.

3.1.2.3) Misturas de SFg e Oz em modo RIE.

O efeito do fluxo de Oy nas taxas de corrosioc de tungsténio e
de silicio policristalino é mostrado na figura 3.5.
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Figura 3.5 : Taxas de corrosdo de tungsténioc e silicio
policristalino em fungéo do fluxo de oxigénio, para plasmas
de SFg-02, pressdo de 150 mTorr, poténcia de 50 W em modo
RIE.

A seletividade de tungsténio para resiste comporta-se como
para misturas de NF3 e Oz, mas fica tipicamente 20 % mais
alta, seletividade para 6xido é também de aproximadamente 2:1
e para Tiw é 1:1.

Com esta mistura foram feitos vArios testes para verificar se
uma cura de resiste, juntc com um tratamento de luz
ultravicleta ( um “DUV curing” } aumente a seletividade. Nio
houve um ganho expressivo, confirmando a mesma tendéncia para
corrosdo de silicio policristalino [3.2].

Também foi verificado que nic era possivel fazer actinometria
neste equipamento, confirmando ref [3.3] gue relata que
actinometria ndo funciona bem para plasmas AF.

O ponto final da corrosdc pode ser observado pela mudanca de
voltagens AC e DC. Também é possivel seguir a intensidade da
linha de F a 704 nm.

Para determinac¢do de perfis da parede do tungsténio, foram
usadas apenas mascaras de resiste. Para nenhum processc
observa-se “undercut”, como mostrado na figura 3.6, onde o
tungsténio ndo fol removido completamente. Esta figura
mostra bem a rugosidade do tungsténio, por causa da deposicdo
por VD,
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Figura 3.6 : Corrosdo anigotrépica com plasma de SFg - 02 em
modo RIE, mAscara de resiste.

Figura 3.7 mostra o resultado com um processo com SFg puro.

5 1 k]

Figura 3.7 : Conjunto de linhas depois de uma corros3o
anisotrbpica com plasma de SFg - Oz em modo RIE, miscara de
resiste.
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Pode-se observar que ¢ resiste j& foi removido completamente.
Como a seletividade do tungsténio para o resiste & de
aproximadamente 1:1, a superficie do resiste fica bem mais
lisa do que a superficie do tungsténio como depositado. Como
a seletividade do tungsténio para o 6xido é de apenas 2:1, a
rugosidade original do tungsténio foi transferida
parcialmente para o 6xido debaixo de tungsténio.

3.1.2.4) Misturas de NF3-02 em modo PF.

Para estes plasmas deve-se fazer a distincdo entre plasmas a
pressfes maiores que 100 mTorr e menores que 70 mTorr, A
regido intermedidria ndo foi investigada.

A: Processos com pressfes maiores que 100 mPorr.

O efeito do fluxo de 02 nas taxas de corrosio de tungsténio e
de silicio policristalino é mostrado na figura 3.8.
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Figura 3.8 : Taxas de corrosio de tungsténic e silicio
policristalino em funclo do fluxe de oxigénio, para plasmas
de NF3-02, pressdo de 200 mTorr, poténcia de 50 W em modo PF.

Verificou-se também que a presenca do resiste & um fator de
maior influéncia na taxa de corrosdo.

Para uma lamina sem resiste ou com mascara de 6xido, a taxa
de corrosdo é sempre maior na borda da l8mina, tipicamente
15% maior do que no centro. Para l8minas com os 8 mm
externos da lamina cobertos por resiste, a taxa de corrosio
perto desta &4rea de resiste é sempre menor do que no centro,
tipicamente 20 %. Neste caso, a taxa Maior ocorre no meic
entre o centro e a borda da ldmina. A taxa de corrosio da
lamina sem resiste é sempre maior.

Uma lémina com 5 % de cobertura de resiste ( miscara clara )
tem uma taxa de corrosdo ( de tungsténio ) 50 % maior que uma
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ldmina com 95 % de cobertura ( mAscara escura ). Este
fendmeno é exatamente o inverso do que se observa em outros
equipamentos ( ou no modo RIE ). Para uma mdscara de éxido,
as taxas de correosdo do tungsténio aumentam com a cobertura:
de campo claro (5 % de cobertura ) para campo escuro ( 95 %
de cobertura ) a taxa aumenta em 40 %. Este é um valor
razoavel para o uso em processos de “back-etch” [3.4].

Para uma ldmina com resiste e mascara Com campo esScuro a taxa
de corrosdo ndo aumenta com a poténcia, entretanto para uma
l8mina com resiste e mAscara clara a taxa de Corrosao
aumenta, mas menos do que em modo RIE.

Tudo isto indica que o resiste tem uma influéncia grande,
diminuindo a taxa de corrosio.

A uniformidade dos processos é também determinada pela
presenga do resiste. As melhores uniformidades foram obtidas
com mascara clara e remocdo do resiste na borda | “edge bead
removal” ) : 90 % & o melhor valor.

Para laminas com um pouco ou nada de resiste, a uniformidade
melhora bastante com a diminuig¢do da pressdo e um pouco com a
diminuigao da poténcia. Para léminas sem resiste, a
uniformidade melhora de 80% a 200 mTorr para 90% a 100 mlorr.
Para plasmas com fluxo de oxigénio de 5 % a 50 % do fluxo
total, seletividades de tungsténio para resiste e dxido de
silicio s3o muito maiores do que em modo RIE. A seletividade
aumenta com a pressdo, mas é independente de poténcia e
fluxos de gases. Para processos a 200 mTorr, as
seletividades de tungsténio para resiste e 6xido de siiicio
s80 maiores que 10:1.

A camada de TiW ¢ corroida com uma taxa de corrosdo nmuito
parecida com a da camada de W. A camada de TiN resiste muito
bem a uma corrosdo em modo PF. A seletividade de tungsténio
para TiN a estas pressfes & sempre superior a 10:1. Para uma
pressaoc de 200 mTorr esta seletividade é maior que 50:1.

O perfil da parede de tungsténio depois de corrosio em modo
PF & sempre isotrdpico. O *undercut” depende do processo
em geral pode-se dizer que quanto maior a taxa de corrosio,
maior o *“undercut”. Figura 3.9 mostra um perfil tipico. As
bolhas sobre o resiste serdo discutidas mais adiante.

Quando usada uma méscara de 6xido PECVD, o perfil ndo muda ,
como mostrade na figura 3.10. N&o importa se a mAscara seja
de campo claro ou campo escuro : o "undercut” fica o mesmo.
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Figura 3.9 : Corrosdo isotrépica com plasma de NF3 - Oz aem
modo PF, mascara de resiste.

Figura 3.10 : Corrosdo isotrépica com plasma de NF3 - Oz em
modo PF, mascara de 6xido.
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Determinac¢io de ponto final pode ser feito através da
monitoragdo das voltagens DC ou AC ou através de
espectrometria de emissdo, observando por exemplo a linha de
Fa 704 nm.

Varios fendmenos estranhos ocorrem quando uma lémina que foi
eXposto a estes tipos de plasma sai do reator e entra no ar:
l: forma-se uma camada colorida por cima do tungsténio;

2: formam-se bolhas por cima do resiste, como mostrado na
figura 3.9 ( *resist pops” ).

O filme colorido se forma no ar - deixando a 1l8mina num
ambiente de nitrogénic durante 30 minutos nfo causa uma
coloragdo, entrando no ar, a coloragido acontece em menos gue
5 segundos. Um plasma de oxigénio para remover O resiste
também n&o causa coloracio.

A formagdo desta camada e das bolhas pode ser evitada expondo
as léminas a um plasma do tipo RIE por alguns segundos,
imediatamente antes que as l&minas Saem do reator. Em alguns
Casos observou-se ainda bolhas nas paredes laterais do
resiste, mas ndo na superficie superior.

Isto mostra que um processo com bastante bombardeamento
remove as camadas que ddo corigem a estes fenbmenos.

A camada colorida inibe uma corrosio posterior do tungsténio
em modo PF. Esta camada pode ser removida POr um plasma do
tipo RIE, mas a taxa de corrosioc & um fator 25 mais baixa do
que do tungsténio. Depois pode-se corroer de novo o
tungsténio que ficou em baixo desta camada colorida, mesmo em
modo PR,

A composigdo da camada colorida foi investigada via analise
Auger. VArias amostras foram preparadas para determinar gual
O mecanismo da formacdo desta camada.

Houve duas cores predominantes nestas camadas : azul escuro e
marrom. O azul escuro forma-se perto de grandes &reas de
resiste enquanto gue o marrom se forma a varios milimetros de
distlncia de grandes Areag de resiste.

O sinal Auger de superficie é igual para as regifes das duas
cores. Detectam-se os seguintes materiaig : tungsténio -
picos a 163, 169 e 174 €V, carbono : pico a 271 eV e
oxigénio: pico a 503 ev. Nio se detectou fldor ou
nitrogénio. O perfil de profundidade da amostra com cor azul
é mostrado na figura 3.11.

Pode-se concluir gue o sinal de O cali para 50 % do valor na
superficie depois de ter removido aproximadamente 25 nm de
(bxido de} tungsténio. o0 perfil da amostra com cor marrom &
similar mas o sinal de O cai mais rapidamente. O valor de
50% é alcancado depois de remover apenas 10 nm do material.
Para ambas as amostras a razio O:W na superficie & de
aproximadamente 3:1.

Isto mostra que a diferenca nas cores é devida A diferenca de
espessura das camadas e nfo & diferenca de composicioc.

O sinal de carbono cai imediatamente o que mostra que sge
trata apenas de carbono adsorvido na superficie, n3io de
carbono ligado com tungsténio.
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Figura 3.11 : Perfil de profundidade dos sinais Auger para a
amostra com coloracgdo azul.

Uma segunda amostra foi preparada e transportada do reator de
corrosdo para o espectrdmetro Auger num ambiente de
nitrogénioc. Durante o carregamento da amostra dentro do
espectrfmetro, nio era possivel evitar totalmente o contato
com o ar portanto entrou também oxigénio. O sinal
diferencial da andlise Auger & mostrado na figura 3.12.
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Figura 3.12 : Sinal diferencial da andlise Auger para a
amostra transportada em nitrogénio.

Fora dos materiais observados na amostra anterior acha-se
também f£1l0or ( pico a 658 eV ). O perfil de profundidade é
mostrado na figura 3.13. A observacio mais importante é que
© sinal de F diminui da mesma maneira gque ¢ sinal de O. Isto
mostra que eles estdo relacicnados um ao outro. O sinal de W

aumenta da mesma maneira que para a amostra anterior.
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Figura 3.13 : Perfil de profundidade dos sinais Auger para a
amostra transportada em nitrogénio.

Depois desta andlise, fo
l8mina que a amostra 2,
durante algumas horas.
fi1dor e que o sinal de O

i analisada
sb que esta
O resultado
diminui da

amostra anterior e gue ¢© sinal de W

anterior; a razdo O:W é de novo 3:1.

uma amostra da mesma
nova amostra ficou no ar
era que ndo houve maig
mesma maneira que na
aumentsa Ccomo na anostra

Tudo isto indica que o F é substituido por O se deixar a

amostra no ar.
Numa lamina de referénci
OeCms o Ce o desa
alguns segundos de sputt
menor gue 2:1,

a nao exposta ao plasma, acham-se w,
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B: Processos com pressdes menores que 70 mTorr.

A estas pressdes, o plasma comporta-se mais como um plasma do
tipo RIE. Neste caso, as seletividades de tungsténio para
resiste diminuem para 1:1, a uniformidade é melhor que 92 %
para um didmetro de 115 mm, nio observa-se “undercut” para
laminas com resiste, ndo forma-se 6xido de tungsténio, nio
observa-se bolhas no resiste. A taxa de corrosdo é um fator 2
mais baixa do que para processos em modo RIE.

3.1.2.5) Misturas de SFg-O2 em modo PF.

Para obter taxas de corrosio da mesma ordem de grandeza do
que para misturas de NF3-03, a poténcia deve ser aumentado
por um fator 3. N&o se observa oxida¢do do tungsténio.

3.1.2.6} O processc *back-etch”.

Com todos estes dados foi desenvolvido um praocesso de *back-
etch”. O processo consta de 3 etapas:

1 : 63 sccm NF3, pressdc 75 mTorr, poténcia : 50 W, RIE,
tempo : 2 minutos.

< : 50 sccm NF3, 10 scem Oz, pressdo : 100 mIcrr, poténcia
100 W, PF, tempo determinado pelo ponto final pelo
egspectrdmetro de emissio:

3 ¢ 100 scom NF3, 20 scem O3, pressdo : 100 mTorr, poténcia :
100 W, PF, tempo : tipicamente 25 % do tempo de etapa 2.

A primeira etapa serve para corroer metade da camada de
tungsténio de 1 um de espessura COom um processo muito
uniforme.

A segunda etapa & usado pois é um processc isotrdpico e
uniforme, com pequenc efeito de &rea.

A terceira etapa tem uma excelente seletividade de tungsténio
para TiN e o efeito de 4rea & pequeno.

O resultado final é mostrado em figura 3.14 : o “plug” ficou
quase inteiro e ndo ha mais tungsténio em cima do TiN. &
superficie de TiN é muito lisa.
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Figura 3.14 : Vista superior de um “plug” de boa qualidade.
3.1.3) Discussdo sumiria.

Estes resultados mostram que 0OS processos no SWAFER tém em
geral as mesmas caracteristicas gue 0S8 Processos em
equipamentos mais tradicionais, como descrito no capitulo 2.
As divergéncias serdo tratadas com mais detalhes no capitulo
4. Para estes testes foram feitas corrosdes em camadas de
tungsténio, depositadas em 3 diferentes tipos de equipamentos
de deposigdo por CVD. Portanto as caracteristicas observadas
aqui sdo validas em geral, ndo apenas para um determinado
tipo de tungsténio. Além disso, os testes no Matrix 303,
como descritos abaixo, mostram que a oxida¢do do tungsténio
ndo é apenas uma caracteristica de um equipamento, © SWAFER,
Portanto pode-se dizer que é um fendmeno geral.

3.2) Processos de corrosdo por plasma no Matrix 303.

3.2.1) Equipamento.

Este eqguipamento &€ um sistema de plasma remoto ou
*afterglow”, similar ao descrito na ref. [3.5] e mostrado na
figura 3.15. A poténcia RF a 13,56 MHz é aplicada na parte
superior do reator. A parte inferior é separada da parte
superior por uma grade para impedir que a l&mina fique dentro
do plasma. A temperatura do carregador da l4mina pode ser
controlado até 200°C. Os gases disponiveis eram : NF3, Oy e

He. Ndo houve disponibilidade de SFg.
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Figura 3.15 : Vista esquematizada de um reator do tipo Matrix
302 [3.5].

3.2.2) Resultados experimentais.

Sendo um sistema de plasma remoto, a corrosdo & completamente
quimica : nfo hd bombardeamento idnico. Portanto as
caracteristicas dos processos devem ser um pouco similar com
agquelas do SWAFER em modo PF. Testes foram feitos com NE3
para verificar se houvesse uma coloracdo como no SWAFER.

A lémina foi removido do reator depois de cada 30 segundos de
plasma para observar o que acontece.

Os processos s&0 mostrados na tabela 3.1.

Tabela 3.1 : Parimetros bara os testes de coloracio.

Teste Fluxo de Fluxe de Fluxo de Pressdo Poténeia Temp,
nr. {scom] lgcom] [scem) [mTorr] [W] o
N 50 X0 20 800 300 54

& 50 0 45 800 300 50

3 50 10 15 800 300 50

Observamos o seguinte :
Teste 1 : depois de 2 ciclos de 30 segundos de plasma, a

coloragdac comega depois que a lamina permanece 60 segundos no
ar.
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Teste 2

depois de 2 ciclos de 30 segundos de plasma, ocorre o inicio
de coloracido, localmente;

apbs mais 2 ciclos de 30 segundos de plasma, a borda fica
completamente colorida.

Teste 3 : j& h& coloragdo depois de 30 segundos de plasma, se
deixar a l8mina suficiente tempo no ar. Este fendmeno é
bastante parecida ao que ocorre no teste 1.

3.2.3) Discussao.

Observamos gue ocorre coloragido também neste egquipamento, ndo
apenas no SWAFER. Nestes testes foi mostrado mais claramente
ainda que a coloragdo ocorre fora do reator, no ar,

Teste 2 mostra gue ndo € necessario ter oxigénio no plasma
para ter coloragdoc. A coloracdc & menos intensa, pols sem
oxigénio no plasma had menos fllGor atbmico no plasma, portanto
também na superficie da lémina e had menos difusdo para dentro
do tungsténio. Esta é a razdo da menor coloracgio.

3.3) Processos de corrosac por plasma no Tegal 15xx.
3.3.1) Equipamento.

O equipamento usado para estes testes & ainda um protdtipo,
embora haja uma descricdo de um eguipamento parecido na ref.
[3.71.

A caracteristica especial deste equipamento é gque ele tem
duas séries de imids permanentes : uma no eletrodo superior e
uma na parede, como mostrado na figura 3.16. Gracas a estes
imds obtém-se um plasma muito intenso, chamado “Magnetically
Confined Plasma” (MCP). Ndc had imids perto do eletrodo
inferior.

O eletrodo superior & sempre aterrado.

Em modo Triodo I, a poténcia RF a 13,56 MHz é aplicada nas
paredes do reator.

Em mode Triodo II, a poténcia RF a 13,56 MHz é aplicada no
eletrodo inferior.

Em ambos os modos pode-se aplicar poténcia AF a 100 kHz no
eletrodo inferior.

Quando nadc se aplica poténcia AF no eletrodo inferior no modo
Triodo I, este eletrodoe fica flutuante. Portanto pode ser
comparado com ¢ modo PF no SWAFER,

0 controle da temperatura do eletrodo inferior & boa.
Normalmente o eletrodo era refrigerado a 20°C.

Os gases usados para estes testes foram : SFg e Os.

N&o houve disponibilidade de NF;.
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Figura 3.16 : vistas esquemdticas do reator do Tegal lhxx e
dos sistemas de AF e RF [3.8],

Alguns testes foram feitos com misturas de SFg - Cl, mas os
resultados ndo foram bonsg, veja anexo IV.

3.3.2) Resultados experimentais.
3.3.2.1) Objetivos - preparacdes.

C maior objetivo destes testes foi o desenvolvimento de um
processo de “back-etch” para obter *plugs”. Como esgte

equipamento néo foil caracterizado anteriormente, houve também
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uma caracterizacdo geral. Isto foi feito por actinometria e
depois por corrosdo de silicio policristalino.

Portanto iniciamos com testes de actinometriza numa grande

faixa de valores dos parimetros :

- fluxos de gases : SFg : 20 scom a 80 scem, On : 0 scom a 16

SCCm;

- pressdc : 10 mTorr a 25 mTorr:

- poténcia : a 13,56 MHz : 400 W a 700 W, em ambos os modos
a2 100 kKHz : O W e 50 W

Usamos a técnica de projeto estatistico de experimentos para

reduzir o nimero de testes. Alguns testes dedicadosg extra

foram feitos para determinar certos mecanismos.

A preparac¢do da ldminas é igual aguela para o SWAFER. Apenas

usamos mascaras de resiste.

3.3.2.2) Resultados da actinometrria,

Para obter os dados da tabela 3.2, medimos a intensidade das
linhas de F a 704 nm e de Ar a 697 nm. O procedimento
detalhado encontra-se no anexo IV.

Tabela 3.2 : Concentragdo de Fliior em Unidades Arbitrarias em
fun¢do de varios pardmetros de processo.

Nr Fluxos Press. RF Concentracdo de F
5Fg  Op Pot. em [UG.A.] a
(% de [% de (W] ow oW 50W 50W
100 20 (mTorr] AF AR AF AR
gcom]  scoml Trl TrIil  Tri TrIl
1 80 80 25 750 64 50 62 45
2 80 40 18 575 54 36 59 3z
3 80 0 25 4G0 53 28 48 27
4 240 80 10 TR0 18 19 17 19
5 20 40 18 575 35 24 40 22
[3) 20 Q 25 400 64 30 52 39
7 i34 0 10 750 a6 25 51 20
8 20 o 10 750 25 25 22 22
g 20 80 25 750 26 34 26 36
10 50 40 18 575 33 37 34 25
11 20 8¢ 10 400 ié 14 16 13
12 80 0 10 400 40 17 34 17
13 50 0 18 575 47 31 41 26
14 50 8C 18 575 40 30 47 ZE
15 & 4G ig 575 35 29 35 3
1 co 4 18 4G0 3% 26 35 ZE
17 25 G L0 400 st 22 23 2Z
i8 50 40 10 L7 5 o4 18 26 LG
19 ac 80 10 400 =7 17 33 17
20 50 40 18 750 37 38 33 35
21 20 G 25 750 56 65 51 54
22 20 80 25 400 50 49 51 A8
23 50 40 25 575 52 4G 44 41
24 80 80 10 750 34 21 42 20
25 B0 80 25 400 66 37 52 39
26 80 0 25 750 83 50 84 41



As tendéncias gerais sdo as seguintes :

1) Quase ndo hd diferenca entre 0 W AF e 50 W AF.

2) Para esta faixa de poténcia RF, a concentracdao de ¥ nio
muda com poténcia. ,

3) No modo Triodo I gera-se mais F do que em modoc Priodo IT.
4) A concentracio de F aumenta com a pressio.

5) A influéncia dos fluxos de SFg e Op dependem do tipe de
plasma e das faixas dos préprios fluxos. Em geral obgerva-gse
0 mesmo fendmeno descrito no capitulo 2: a baixos fluxos de
O2 a concentragdo de F aumenta com o fluxo de Oz, por causa

da maior decomposicic de SFg, ate chegar a um miximo. Depois
a concentra¢do diminui por causa da diluicdo.
Para fluxos baixos de SFg este fendmeno nio foi observado,

14

mas sim para fluxos maiores. A razdo € qgue um plasma MCP &
muito mais eficiente que um plasma comum, portanto consegue
decompor o SFg muito bem mesmo sem a ajuda de 0;.

3.3.2.3) Corrosdo de silicio policristalino e de tungsténio.

Na literatura encontram-se muitos dados sobre corrosio de
silicio policristalino e também comparag¢des entre corrosioc de
silicio policristalino e tungsténio. Portanto fizemos testes
com estes dois materiais para determinar melhor os
mecanismos.

Como o0s testes de actinometria indicaram que a poténcia RF e
AF ndo influenciaram muito a concentragido de fliGor, fixamos
ambas no valor mais baixo, respectivamente 400 W e 0 W.
Nestes valores mais baixos, as seletividades s8o melhores.
Usamos de novo a técnica de projeto estatistico. Os
resultados sdo mostrados na tabela 3.3.

Tabela 3.3 : Taxa de corrosido de silicio policristalinc em
fungdo de varios pardmetros de processo.

Nr fluxo de fluxo de Pressio Taxas de corrosio
SFg O
{% de 100 '% de 20 rI TriI
scom] scom} [mTorr] fnm/min] {nm/min}
1 50 40 2 1ligg 802
2 20 e z25 592 476
3 50 40 10 1133 748
4 20 & 10 638 471
5 20 8 25 R4 504
& 20 44 18 £g7 542
7 50 40 .8 il 802
8 20 80 0 574 445
9 50 B 18 L4z 798
10 80 44 18 1402 927
11 50 0 18 1069 FTEQ
12 80 0 10 1362 811
13 80 80 1 1375 853
14 80 0 25 1250 803
15 50 40 18 1289 782
16 80 BO 25 1540 904
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As tendéncias gerais s&o os seguintes:

1) em modo Triodo I, o silicio policristalino corrédi mais
rapidamente que em Triodo II;

2) a pressdo nic é importante para a taxa média da corrosio,
mas & para a uniformidade. Em Triodo IT a uniformidade
diminui de 0.90 para 0.70 quando aumentamos a pressdc de 10
para 25 mTorr. Os resultados para Triode I sdo similares;
3) o fator mais importante para © aumento da taxa de corrosio
é o fluxo de SFg. A taxa de corrosio aumenta mais com o]
aumento de fluxo de SFg a baixos fluxos de SFg;

4) a baixos fluxos de 0; a taxa de corrosdo aumenta com o

fluxo de 02; a altos fluxos, a taxa diminui.

Alguns resultados sdo discutidos em mais detalhes agui, veja
também anexo IV.

As tendéncias gerais da taxa de corrosio em fungdo dos varios
parémetros de processo para Triodo I s3o mostrados na figura
3.17.

SF6: 28 to 8d ——
02: @ to 49 frt—]
PR: 10 to 18 [
]

I
-5e0e 2] Seee ieoes

Figura 3.17 : Tendéncias gerais da taxa de corrosioc de
silicio policristalino em funcdo dos varios paridmetros de
processc, para Triodo I. A abcissa indica o aumento da taxa
de corrosfdo em A/min; um valor negativo significa uma
diminuigio.

O fator dominante é o fluxo de $Fg : aumento de 20 scem para
80 scom aumenta em mais de 100 % a taxa de corrosio. Nem o
fluxo de oxigénio, nem a pressido influenciam miito a taxa de
COrTrosaon.

Mas a pressdo influencia muito na uniformidade: a
uniformidade aumenta em média de 0.50 a 25 mTorr para C.73 a
10 mPtorr.

As tendéncias gerais da taxa de corrosio em funcdo dos varios
pardmetros de processs para Triodo II sdc mostrados na figura
3.18,

Também neste modo, o fator mais importante & o fluxo de SF¢
aumento de 20 sccm para 80 scem aumenta em mais de 100 % a
taxa de corrosdo. A baixos fluxos de oxigénio, a taxa
aumenta um pouco com o fluxo de oxigénio. A baixas pressdes,
a taxa aumenta um pouco COm a pressio.
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Figura 3.18 : Tendéncias gerais da taxa de corrosio de
silicio policristalino em funcdo dos varios parametros de
processo, para Triodo II. A abcissa indica o aumento da taxa
de corrosdo em A/min.

Usamos a técnica de projeto estatistico também para a
corrosdo de tungsténio. O objetivo principal era de obter um
processo “back-etch”. Isto significa um processo com boa
uniformidade, pequenoc efeito de &rea e boa seletividade para
a camada inferior. Por causa das primeiras 2 exigéncias
usamos um processo em Triodo II : outros testes mostraram que
neste modo o efeito de A4rea é menor que em Triodo I. Testes
com o silicio policristalino mostraram que a uniformidade é
também maior para Triodo II. A poténcia RF foi fixado em 400
Wea hF em 0 W, pelas mesmas razdes que para o silicio
policristalino. Os resultados dos testes s3o mostrados na
tabela 3.4.

Usamos o0$ seguintes simbolos :

Icpp @ taxa de corrosdo de tungsténio no centro de uma l&amina
com mascara campo claro, em [nm/min]

I'nLr ¢ taxa de corresdo de tungsténio na borda de uma l&mina
com mascara campo claro, em [nm/min]

Upp ¢+ uniformidade para uma l&mina com mascara campo claro,
em [%]

Icpr @ taxa de corrosdo de tungsténic no centrc de uma limina
com MAsSCara Ccampo escuro, em [nm/min]

Tppr @ taxa de corrosdo de tungsténio na borda de uma l&mina
com mascara campo escuro, em [nm/min]

Upr : uniformidade para uma l&mina com miscara campo escuro,
em (%]

LE~ : efeito de &rea no centro da ldmina, definido como o

quociente da taxa de corrosio da lémina com mAscara campo
claro pela taxa de corrosdo da ldmina com mascara campo
escuro, no centro da lémina.

LEy, : efeito de 4rea na borda da lémina, definido como o

guociente da taxa de corrosfo da ldmina com miscara campo
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claro pela taxa de corrosdo da lamina com mascara campo
escuro, na borda da lamina.

Tabela 3.4 : taxas de corrosdo, uniformidades e efeitos de
Area em fungdo de varios pardmetros de process para plasmas
de SFg - Oy em mode Triode II.

Nr Fluxos Press ICLF rbLF ULF rcDF rpr UDF IJEC LEb
SFg  Op D pobii % nm un % % %
scoem scem mTorr  min min mirn min

1 80 80 25 542 623 87 736 808 91 74 77

2 20 80 16 386 381 99 557 575 g7 69 66

3 §G 80 10 525 559 94 652 651 99 a1 86

4 20 8] 10 304 327 93 462 506 91 66 65

5 g0 9; 25 467 537 a7 568 H3T g1 70 T3

& &0 G i0 485 544 91 632 646 g8 78 g4

7 50 40 18 4869 521 90 740 TET 96 63 &8

8 50 40 18 487 524 g3 T332 775 94 67 68

9 20 8¢ 25 442 451 G8 738 772 96 &0 58

10 80 0 25 278 3058 91 475 534 89 59 57

As tendéncias gerais para estes processos sio

1} lédminas com mdscara campo escuro sempre tém taxa de
corrosdo maior que léminag com mdscara campo claro;

2} a taxa de corrosio é ( guase ) sempre maior na borda da
18mina que no centro da lamina;

3) 2 uniformidade em geral é maior para laminas com méscara
campc escuro do Que para laminas com mAscara campo claro

4) a taxa de corrosdo € principalmente determinada pelo fluxo
de SFg: quanto maior o fluxo, maior a taxa de corrosdo;

) a uniformidade aumenta com : diminuicdc de pressio,
diminmuigdc de fluxo de SFg, aumento de fluxo de Op; mas é
sempre mulito elevado;

6) O efeito de &rea melhora com o aumento de fluxo de SFg e a

diminuigdo da pressdo, enguanto o efeitc do fluxoc de 0y &
desprezivel.

Um valior de LE de 0.81 no centro e de 0.86 na borda & muito
bom. Além dissco, a uniformidade deste processo é bom com um
valor de 94%.

Analisamos 2 respostas com um pouco mais detalhes : a taxa de
corrosdo e o efeito de &rea no centro da lamina.

As tendéncias gerais da taxa de corrcsic no centro da ladmina,
com mascara LF, em func¢do dos varios parimetros de processo
sdo mostrados na figura 3,19.

0 fator determinante para a taxa de corrosdo & de novo o
fluxo de SFg : aumentandc este fluxe aumenta-se a taxa de
corrosdo. O fluxo de oxigénio aumenta a taxa de corrosio na
mesma maneira, mas menos pronunciado. A influéncia da
pressio é desprezivel.
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Tendéncias gerais da taxa de corrosio em funcao

dos varios pardmetros de processo. A abcissa indica o

aumento da taxa de corrosdo em nm/min; um valor negativo
gignifica uma diminuicéo.

As tendéncias gerais para o efeito de 4rea no centro da
lé&mina s&o mostrados na figura 3.20.
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Figura 3.20

Tendéncias gerais para o efeito de Area no

centro da l8mina; a abcissa indica a melhoria em porcento,

O fator mais importante & o fluxc de SFg.

Um aumento de 20

sccm para 80 scom, melhora o efeito de Area em 12 %

{absoluto).

A pressdc também €& importante

a diminuicdo de

25 mTorr para 10 mTorr causa um melhoramento de 8 %. A
influéneia do fluxo de oxigénio ndo é importante.
Todos os resultados da tabela 3.4 sdo comentados no anexo Iv.

A maior conclusic destes tegtes

e

O melhor processo, com a configuracio atual do equipamento,
para fazer “back-etch” para formar os “plugs” é o seguinte

fluxos
poténcias

80 sccm de SFg, 16 scom de Op, pressdo
400 W RF e 0 W AF, modo Triodo II.

10 mTorr ,




bBste processo tem uma taxa de corrosio de 530 nm/min,
uniformidade de 94 % e uma diferenca em taxas de corrosic
entre campo claroc e campo eSCuro menor que 20 %.

Além destes testes fizemos mais outros testes, principalmente
para determinar mecanismos de corrosic por plasma de
tungsténio,

Primeiramente fizemos vArios testes em modo Triodo T. 0Os
resultados sdo mostrados na tabela 3.5. As poténcias foram
sempre : 400 W RF e 0 W AF.

Tabela 3.5 : taxas de corrosdo e uniformidades de silicio
policristalino e tungsténio para varios pardmetros de
processo em modo Triodo I.

Nr Fluxo SFg Fluxo OG- Pressdc Taxa Uniform. Taxa Uniform.
51 83 7 1)

[sccom] fscom] imTorr] [nm/min}  [%] {nm/min} [%]

1 96 0 16 1440 71 564 86

2 a0 & 10 1482 (337

3 80 16 10 1374 74 752 88

4 70 26 10 1355 73 724 87

5 48 48 10 679 61 683 g4

& 48 )] 10 1109 73

7 g6 33 10 1349 7a

8 50 8 25 1166 54

g 50 & 10 1133 RS

10 50 8 18 1201 69

11 50 16 18 1145 70

12 50 ¢ 18 1069 &8

Os testes 1 até 7 mostram claramente a tendéncia tradicional
da influéncia de oxigénio nas taxas de corrosic : a baixos
filuxos a taxa aumenta, pois aumenta a concentracido do flaor
atémico, a altos fluxos a taxa diminui, pois had competicdo
entre 0 O e o F para fazer ligacdes com o Si e hé diluigdo, o
gque resulta em menor concentragdo de F atémico.. Estes
fendmenos serdo comentados em mais detalhes no capitulec 4.
Testes 10, 11 e 12 mostram o mesmo, para fluxos mais baixos.
A figura 3.21 mostra as taxas de corrosic em funcdo do fluxo
de oxigénio.

As tendéncias das corrosdes de tungsténic sio muito parecidas
com as da corrosdo no SWAFER em modo PF. As concordincias
malils importantes s3o

- a taxa de corros&o mais baixa ocorre com 0 % de fluxo de
oxigénio; mesmo guando metade do fluxo toral é de oxigénio, a
taxa fica muito alta;

- a seletividade de tungsténio para resiste nio diminui com o
aumento de fluxo de oxigénio; a seletividade é mais baixa
quando ndo ha oxigénic no plasma.

Ha uma diferenca no fato que no Tegal 15xx a taxa de corrosio
do silicio policristalino comega diminuir para fluxos muito
pequenos de oxigénio, enguanto que a taxa de corrosio de
tungsténio comeg¢a a diminuir a um fluxo maior. O inverso
ocorre no SWAFER. Este fendmeno serd comentado no capitulo 4.
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A influéncia da pressido é confirmada para silicio
policristalino nos testes 8, 9, 10. A pressio nio influencia
muito na taxa de corrosdo mas muito na uniformidade : a
uniformidade € maior com a pressic menor. Este resultado é
validc para ambos os materiais, pois todos os testes mostram
este mesmo resultado.

[nra/min]
1600 ¥ T ' T " T T y v T

400 - 1 ] L 13 " i N | £ I :
0 10 20 30 40 50 60

Fluxe de oxigénio em porcentagem do fluxo total

Figura 3.21 : Taxas de corrosdo de silicic policristaline e
tungsténio em funcdo do fluxo de oxigénio, em modo Triodo I,
para 10 mTorr e 400 W de RF.

Os seguintes 3 testes mostram que a influéncia da poténcia na
taxa de corrosdo de silicio policristaline é tdo pouca como
indicado pelos testes de actinometria.

Os fluxos eram para os 3 testes : 20 sccm de SFg, 0 sccm de

Oz; pressdo : 10 mTorr:

1) 400 WRF, 0O WAF : r = 638 nm/min, U = 5,73
2) 600 WRF, 0O WAF : r = 750 nm/min, U = 0.77
3) 400 WRF,50 WAF : 1t = 702 nm/min, U = 0.82

Portanto um aumento de poténcia RF de 50% resulta num aumento
de taxa de corrosio de menos de 20%. Isto €& muito menos do
que para processos tradicionais. A razio principal é que a
decomposi¢do da molécula de SF¢ j& é bastante completa a
£00W.

Colocando 50 W de AF extra resulta num aumento de taxa de
corrcsdo de apenas 10 %. O gue mostra gue a influéncia da
poténcia AF também ndo é importante, nem para processos em
Triodo I. Portanto podemos concluir gue para Triodo II
também nfo é importante, uma vez que este jA tem uma
polarizacdo aplicada ao seu eletrodo inferior.

Fizemos varios testes similares em modo Tricdo II. Os

principais resultados sdo mostrados na tabela 3.6. As
poténcias foram sempre : 400 W RF e 0 W AF.
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Tabela 3.6 : taxas de corrosdo e uniformidades de silicio
policristalino e tungsténio para varios parametros de
processo em modo Triodo II.

Nr Fluxo de Fluxo de Fregsdo Taxa-8i Taxa-W Unif . w
SF o
[scom] [scom] [mTorr) [nm/min: Inm/mini %)

1 86 0 10 881 488 96

2 a0 6 10 904 484 93

3 80 16 10 853 470 88

4 TG 26 10 830 467 a2

5 48 48 10 425

A figura 3.22 mostra as taxas de corrosido em funcio do fluxo
de oxigénio.

fnm/min]
1600

T T T T T 1 T T ¥ 1 T

Triodo |, Si

Triodo i, Si

Triodo |, W

-5 o Triodo H, W
; I L I "

0 10 20 30 40 50 60
Fluxo de oxigénio, em porcentagem do fluxo total

3 L L

Figura 3.22 : Taxas de corrosio de silicio policristalino e
tungsténio em fungdo do fluxo de oxigénioc, em Triodo II e
Tricdo I.

Esta figura mostra as seguintes tendéncias para o modo Triodo
IT

- a taxa de corrosao do tungsténio ndo e influenciada muito
pelo fluxo de oxigénio, pelo menos ndc até 26 % do fluxo
tctal. Este comportamento € muitc parecido ao do SWAFER com
NF; no modo RIE. ©No outro lado, a influéncia do fluxo de
oxigénio na taxa de corrosdo é tradicional, com a mesma
explica¢do gue para Triodo I;

- as taxas de corrosdo ( de W ¢ de Si ) sdo mais baixas que
em modo Triodo I;

- a uniformidade é maior gue em Triodo I;

- a taxa de corrosdo do resiste é muito maior que em modo
Triodo I.

A figura 3.20 mostra também taxas de corrosio em modo Triodo
I para facilitar as comparacdes.

3.28



Alguns testes para investigar a influéncia da pressdo deram o
mesmo resultadc de sempre : a pressao gquase nac influencia a
taxa de corrosfo, mas sim a uniformidade : guandc menor a
pressdo, maior a uniformidade.

Apesar que os modos Triodo I e IT s8o bem diferentes um do
outro, os resultades, principalmente para o silicio
policristalino, tém tendéncias muito parecidas. Isto indica
gque o8 mesmos mecanismos determinam a corrosdo nos dois
modos.

3.3.3) Discussdo sumaria.

0 comportamento da concentracdo de fluor atdmico e das taxas
de corrosdo j& foi comentado suficientemente. Masg hd outros
aspectos que merecem mals atengdo.

3.3.3.1) A relacdo uniformidade - pressio.

Todos o8 testes mostram que com © aumento da pressio, diminui
a uniformidade. Este fato pode ser explicado através do
coeficiente de difusfdo. Sabe-se que a difus8o é inversamente
proporcional a pressdoc [3.7], como mostra também a formula
(4.3) do capitulo 4. Portanto a pressbes baixas o F atdmico
pode-se egpalhar muiteo mais facilmente, assim aumentando a
uniformidade.

3.3.3.2) Comparagdo dos resultados de actinometria com
corrosdo de silicio pelicristalino.

A: Concordincias.

1} As poténcias AF e RF influenciam muito pouco. A razdo é
que este MCP dissocia muito bem a molécula de SFg. Portanto
poténcia extra ndc dissocia mais.

2} As influéncias do fluxo de oxigénio também s30 as mesmas.

B: Paradoxos.

1} A concentragido de F & proporcional com a pressdo enguanto
que a taxa de corrosdo é independente dela. Este pode ser de
novo explicado pelo coeficiente de difusdo, que é
inversamente proporcional com a pressdoc. A gquantidade de
flllor que chega na superficie da 1l8mina é funcdo da
concentracio de flhor, mas também da difusdo, como serd
mostrado no capitulo 4. Portanto og dois efeitos se
cancelam, deixando a taxa de corrosic independente da
pressao.

2) A influéncia do fluxo de SFg € predominante para a taxa de

corrosdo, mas pouco importante na concentrac¢do de flior.
A corrosfo é um processo dinfmico onde h& consumo de fllor e
precisa-se continuamente de novas moléculas de SFg. A medida

de concentracdo de flhGor é um processo menos dinfmico,
portanto o fluxo tem menos importéncia gue a pressio.
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3.3.3.3) Comparacgdo dos resultados de corrogio de silicio
policristalino com corrosdo de tungsténio.

Em geral a concorddncia entre as duas corrosdes é grande
- o fator dominante para a taxa de corrosdo é o fluxo de SFg .

- o fluxo de oxigénio é muito menos importante nos dois
casos. As diferencgas podem ser explicadas através da
formagdo de WOF,, como comentado no capitulo 2;

- a pressdo ndo influencia a taxa de corrosio, mas sim a
uniformidade : para os dois casos : quando maior a pressdo,
menor a uniformidade.
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Capitulo 4 : Mecanismos de corrosgsdo de
tungsténio por plasma.

Introducio

Capitulco 2 descreve 0s mecanismos gerais de corrosdo por
plasma, que sdo bem conhecidos e descritos na literatura.
Modelamento de corrosio por plasma é muito mais dificil, pois
é muito dificil quantizar os diferentes fendmenos gue
acontecem dentro do plasma e na interface 18mina - plasma.
Negste capitulo usaremos os conhecimentos cbtidos nos
capitulos anteriores para fazer algumas andlises
quantitativas, determinar quais as etapas gue limitam a taxa
de corrosdo e introduzir alguns mecanismos novos para
corrosdo de tungsténio.

O capitulo foi dividido em duas partes:

1: Cadlculos basicos para a verificag¢do de modelos de corrosio
por plasma.

2: Modelamento gqualitativo : Corrosio guimica versus corrosio
induzida por bombardeamentc e a influéncia de 6xido de
tungsténioc.

4.1) Calculos basicos para a verificacdo de modelos de
corrosdo por plasma, aplicado a corrosio de tungsténio.

O processo de corrosdo por plasma pode ser dividideo em varios
subprocessos ou etapas. Pode-se distinguir as seguintes
etapas:

- O plasma gera espécies reativas, para nosso caso fltor
atémico, F.

- & espécies reativa chega no filme de tungsténio

- O reagente e absorvido na superficie

- forma-se uma ligacdc W-F quimissorcéo

- outros atomos de fllor reagem com o Atomo de W para formar
um produto volatil, tipicamente WFg

- 0 produto voldtil dessorve e sai do reator para a bomba.

Como constantes fisicas e quimicas temos
a : para tungsténio:

densidade p : 19.35 kg/dm3 = 19.35 g/cm3
peso atdmico M: 184 g/mole

reacdo de corrosdo: W + 6 F - WFg

b : para silicio:

densidade p = 2.33 kg/dm3 = 2.33 g/cm3
peso atdmico M: 28 g/mole

reagdo de corrosdo: Si + 4 F -> SiFy

No anexo I mostra-se que é possivel calcular o consumo de F,

Jp, através da seguinte férmula (para uma lamina sem
mascara) :

4.1



Jp = 22400 . 7 . (d/2)2 . r . p . X/ M {4.1)
coms:

Jrp : fluxo de 4tomos consumidos em [scem)

d : didmetro da lamina em [cm]

r : taxa de corrosdo em [cm/min] (em [nm/min] divida por 107)
p : densidade do material do filme em [kg/dm3]

X : coeficiente da reagdo : Mat + X Hal -> MatHaly

M : peso atbmico do material do filme em [g/mol]

0 fluxo Jp é proporcional a taxa de corrosdo. Para 18minas

de 125 mm, por nm/min de taxa de corrosio de tungsténio,
consome-se um £luxo de F de 0,173 sccm e libera-se um fluxo
de WFg de 0,029 scom. Para silicio, o consumo de F é de

0,092 sccm com liberacgdo de SiFy; de 0,023 scom por nm/min,
para ¢ mesmo tipo de laminas.

4.1.1) Geracgdo de espécies reativas.

D~

Como mostrado no capitulo 2, a geracgdo de espécies reativas
muito dificil quantizar. Em secdo 4.1.2 combinaremos a
geragdo com a difusdo e assim serd possivel obter dados
guantitativos.

4.1.2) Fluxo de espécies reativas que chegam na superficie.

[r))

Para determinar o subprocesso gque limita a taxa de corrosio
necessario saber o fluxo de espécies reativas que chegam na
superficie. Este fluxo é determinado pela combinacgdoc de 2
mecanismos

l: a geracdc de atomos de fllor dentro do plasma

2: o transporte destes atomos para a superficie da 1léamina.

Em geral a fonte de fllhor serd depletada. © caso de uma
fonte infinita de F & tratado em anexo V.

Durante a corrosdo ha consumo de fllor. Portanto cria-se um
gradiente de Atomos de F. Por difusdo o F de dentro do
reator pode chegar até a superficie da ldmina, como descrito
pela equacdo {4.2).

J = - ADd4c/dx (4.2)

Com :
J : fluxc de espécies indoc do plasma para a superficie em
namerc de espécies por segundc [1/s]

A : area da l8mina em [cm2]
D : constante de difus3o em [cm2/s]
dc/dx : gradiente da concentracdo de Atomos de F em [1/cm?]
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A seguinte fbérmula é utilizada para determinar a constante de
difuséio para gases bindrias a baixa pressioc [4.1]

Dis = 0.001858 T3/2 [(M; + My) /My My11/2 p 0,52 Qp (4.3)

Com

Djp : constante de difusdc em [cm?/s]

T : temperatura absoluta em [K]

M; , My : pesos moleculares em [mol/g]

p : pressdo em [atmosferas)

0o : a constante de forga de Lennard-Jones gque pode ser
determinada através de férmulas e tabelas na ref. [4.1]

{Jy : o potencial de Lennard-Jones que pode ser determinada
através de foOrmulas e tabelas na ref. [4.1}

Para 08 calculos abaixo, D é determinada para 2 exemplos:
F em NFy a 200 mTorr e F em SFg a 10 mtorr, ambos a 20°C;

para exemplo 1: 0322 = 3.67, Qp = 1.07, D = 636 cm2/s

para exemplo 2: 0322 = 4.14, (Op = 1.105, D = 9129 cm?/s

Para exemplo 2, D € muito maior pois a pressdo & 20 vezes
menor.

E muito mais dificil determinar o gradiente da concentracéo
do F. A chegada de espécies reativas é a etapa que limita a
taxa de corrosfo se na superficie da lémina a concentracédo de
F for zero ou seja, se o F for imediatamente
adsorvida/gquimisorvida. A concentragdo de flbor dentro do
plasma, Cp, € desconhecido em geral. Para determina-la é

possivel fazer medidas qualitativas, mas medidas
quantitativas s8o extremamente dificeis, até impossiveis para
a maioria dos reatores. Para uma primeira aproximacgdo pode-
se assumir que a concentracdo de flhor aumenta linearmente da
superficie da ldmina em direcdo ao corpo do plasma, até uma
certa distancia xg dentro do plasma. Portanto dentro desta
parte dec plasma, que chamaremos de agora "a faixa depletada
{ou a faixa) de plasma", o gradiente da concentragdo é
constante. Portanto a concentracgidc de flior nesta faixa é
exatamente a metade do que seria se ndo houvesse o gradiente,
se ndo houvesse consumo de F, como mostra a figura 4.1.

Fora da faixa, a concentragdc Cp é constante, o gradiente &

Zero.
Portanto para este caso, a eguagdo (4.2) é

H

Jp = D A CF/XS (4.4)

Para cada molécula mde que entra no reator, {( em NOSSOS CasSOS
NF3 ou SFg ), uma média de G &tomos de F sdo gerados pelo

plasma. Portanto a concentrac¢do de F € um fator G/(G+1) da
concentracdo de todas as espécies, n, assumindo zero
recombinacgio.

Cg=mn { G/G*1 ) (4.5}
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A densidade n é completamente determinada pela pressdo dc
plasma.

CF A Fluor

Consumido
i

T B

Lamina X h
5 e

Figura 4.1 : Perfil de concentrag¢do de fllor no reator.

Para calcular a distancia xg dentro do plasma, assume-se o
seguinte

1) o fluxo dos gases usados é homogéneo entre os dois
eletrodos {(assumindo um sistema de placas paralelas);

2) fldor atdmico é consumido apenas dentro da faixa
depletada, fora dele ndc h&d consumo. Esta hipdtese é
compativel com a hipbtese gue o gradiente fora da faixa seja
zero. Se ndao houvesse um gradiente na faixa, ndo haveria
difusdo. Se os resultados dos cdlculos a seguir forem
compativeis com as observagdes, consideraremos que o modelo
linear do gradiente seja adequado.

O conteldo total de F atdmico por unidade de Area na faixa é:
0.5 Cp Xg : metade do F & consumido, metade fica, como
mostrade na figura 4.1 : o trifingulo superior representa o
flhor consumido.

3) De cada molécula mie o plasma gera G atomos de F em média.
Nos reatores comercials, a pressdo é regulado através de uma
valvula automdtica, portanto no momento da gera¢do do plasma
a pressaoc fica constante, mas o fluxo de espécies aumenta.
Com o plasma ligado o fluxec de espécies & um fator G+1 maicr
gue o fiuxo de entrada de moléculas mde, £, enquanto que o
fluxo de fllor é G £.

Como mostrado acima, é possivel calcular o fluxo de F
consumidc, Jp, conhecendo a taxa de corrosdoc e as

caracteristicas da l1l8mina. Este fluxo é exatamente o fluxo
de F que vem da faixa depletada.
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Combinando hipdteses 1 e 3, pode-se concluir que se nio
houvesse consumo de F, o fluxo de F por unidade de distancia
entre os eletrodos seria uma constante: G £ / hg

com : hg a distancia entre os eletrodos.

O fluxo de F consumido, Jg, & metade do fluxo que passaria na
faixa depletada com espessura Xg se ndo houvesse consumo de
flbor livre.

Jp = 0.5 G £ xg / hg (4.6)
portanto
Xxg = 2 Jp he / (G £] (4.7)

Temos 2 equacles (4.4) e (4.6), com apenas Xg e G
desconhecido. Combinando equacdes (4.4) e (4.5)

Jg=ADnG / [{G+t1l) xg]

Combinando com {(4.7):

xg = [ ADn 2hg / [(G+1) £111/2 (4.8)
Substituindo xg em (4.5)

GZADDNE - G2 Jp? hg - 2 Jp? hg = 0

portanto

G = {2Jp2 het[47p% he?+8A D n £ Jp2 hll/2)/(2 AD n £] (4.9)

Estas f£6rmulas s8o vdlidas para gqualguer sistema de plasma
para o qual as hipdteses acima sejam validas.

Para ilustrar melhor a importéncia destas férmulas,
calculamos agui 2 exemplos.

O primeiro exemplo sai da se¢d0 3.1.2 : COrrosdo no SWAFER
com o seguinte processo: 100 sccm de NF3, pressfo de 200
mTorr, poténcia AF de 50 W, o gue resulta numa taxa de
corrosdo de 200 nm/min.

Pode-gse calcular, através de férmula (4.1) que o fluxo de F
consumido € 34,7 sccm ou 9,323 1040 stomos por minuto : este
é o fluxo Jr que deve chegar na superficie. Pode-se calcular

gue hd 0,660 1016 egpécies/cc a 200 mTorr e 20°C [4.2].
A distancia entre os dois eletrodos do SWAFER é& 5 cm. A &reas

.4

de uma limina de 125 mm & 123 cm?. A constante de difusio

foi calculada acima. Os fluxos devem ser expressos em
espécies por segqundo

f = 4,48 101% moléculas/s
Jp = 1,55 10%° &tomos/s
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Substituindo estes valores nas equagdes {(4.8) e (4.9) resulta
em -

G = 0,378

O fato gue Xg calculado ser maior que a distancia entre os
eletrodos gsignifica que a difus8o ndc é a etapa limitante e
sim a geracdo de espécies reativas. A difusdo sb seria a
etapa limitante se a distancia Xg fosse menor que a
distancia entre os eletrodos.

O sequndo exemplo sai da segdo 3.3.2 : corrosdo no Tegal 15xx
com o seguinte processo : fluxo de 80 scam de SFg, pressdo de
10 mTorr, 400 W de poténcia RF em modo Triodo I, resultando
numa taxa de corrosio de 750 nm/min.

A distancia entre eletrodo inferior e superior, he, & 10 cm.
Pode-se calcular que had 0,033 1016 espécies/cc a 10 mTorr e
20°C [4.2]. O ceoeficiente de difusio foi caliculado acima.
Para este exemplo os fluxos sdoc os seguintes

f = 3,59 1012 moléculas/s
Jp = 5,81 1019 4tomos/s

Isto resulta em :

G = 5,93
Xeg = 5,76 Cm

Este resultade significa gue a taxa de corrosdo & limitada
pela combina¢dc dos subprocessos, geracdo e difusio : se a
geragdo de F fosse maior, Cp aumentaria, portanto Jp

aumentaria, se a difusido fosse maig rapida, a taxa de
corrosdo também aumentaria : adtomos de uma distancia maior
também participariam da corrosio.

Pode-se observar que a taxa de geracgic é muito alto : quase
todas as moléculas de SFg que entram, sio completamente
decompostas.

£ muito dificil determinar os valores de Cp e xg através de
experimentos. Medidas de LIF podem dar indicacdes, mas para
isso precisa-se de acesso a feixe de laser a varias alturas
do reator. Portanto um projeto particular de janelas deve
ser feito, o que ndo esté disponivel para sistemas
comercials.

4.1.3) Adsorcdo ¢ quimisgorgao,
Neste capitulo ndo dedicamos muita atencdo a estes
subprocessos, polis achamos que eles nao limitam a taxa de

corrosdo, o que sera demostrado mais abaixc. Portanto a
descrigdo no capitulo 2 é suficientemente adeguada.
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4.1.4) Formagdo do produto volatil.

Como no caso da guimisorcdo, a descrigdo como dado no
capitulo 2 é suficiente, pois esta etapa também nido limita a
taxa de corrosdo, em geral.

4.1.5) Desgsorcio

O produtc volatil gue no caso de tungsténio é WFg, tem que

sair da superficie. Este processo pode ser descrito pela
equacdo (4.10) [4.3].

T = 15 exp {Q/RTg) (4.10)

Com To: periodo de vibracgdo : tipicamente 10713 s
Tg : temperatura da superficie em [K]
R : constante universal: 8.31 J/mol K
Q : energia de ativagdo em [J/mol]
T : tempo de residéncia de uma molécula adsorvida em [s]

Q pode ser determinadc através de testes dedicados de

dessorgdo programado de temperatura {( "Temperature Programmed
Desorption" {(TPD) ) [4.4]

Pode-ge calcular gque o pico gama, mostrado na figura 4.2
representa uma energia de ativagdo de 41 kJ/mol.

I

LA LA 1?'[![!![!11‘11]!'?' L

200 300 400 500 600
Temperature (K)

Desorption Flux

Figura 4.2 : fluxos de dessorcdo de WFg em func¢do da
temperatura em testes TPD [4.4].
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Usando equagdo (4.10) a 300 K
T=10"13 exp ( 41000/8.31 x 300 ) = 1.44 10°6 g

Uma monocamada de W consiste de aproximadamente 10+° &tomo
por cm? [4.5].
Portanto é possivel calcular o nimerc de moléculas

dessorvidas por segundc por cme , se dessor¢do fosse a etapa
limitante

Ng = 1045 / 1,44 1076 = 6.97 1020 moléculas/s cm?2.

Para uma ldmina de 125 mm, este é o eguivalente de um fluxo
de WFg, se a cobertura fosse de 100% :

f = 123 x 60 X Ng = 5.13 1044 moléculas/min = 191000 sccm
Portanto dessorqgdc de WFg do pico gama ndo limita a taxa de
corrosdo. Para os picos alfa, vela anexo V.

4.1.6) Concluséo.

Introduzimos um modelo simples que permite fazer alguns
cdlculos para determinar a geracac de fllor atdmico e sua
difusdo para a ldmina. Como serd mostrade na secdo seguinte,
a chegada de F é em geral a etapa que limita a taxa de
corrosdo. Este novo modelo ajuda na determinacio se a
geragdo ou a difusdoc for a etapa limitante.

4.2) Modelamento gualitativo : corrosdc gquimica versus
corrosdo induzida por bombardeamente e a influéncia de éxido
de tungsténio.

Como comentado no capitulo 2, hd declaracdes contrarias na
literatura sobre os seguintes dois itens :

- corrosdoc quimica de tungsténio é possivel, e como é
acelerada por bombardeamento iénico;

- a formagdo de 6xido de tungsténio inibe a corrosic de
tungsténio.

Para determinar qual mecanismo é vidlido, pelo menos nos
sistemas usados neste trabalho, foram feitos os testes
descritos no capitulo 2.

4.2.1) Corrosdc guimica contra corrosdo induzida por
bombardeamento idnico.

Num sistema de corrosido tipo "afterglow', a corrosio é
certamente puramente guimica, mas em sistemas onde a lamina
esta num ambiente de plasma, sempre se forma uma bainha e
acontece um pouco de bombardeamentco. A voltagem sobre a
bainha pode ser minimizada deixando a ldmina num potencial
flutuante. Se a lémina fica num eletrodo, este eletrodo deve
gser delxado num potencial flutuante, portanto deve existir
uma impedancia grande entre o eletrodo e a terra.
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4.2.1.1) Corrosdo no SWAFER.

4.2.1.1.1) Plasmas de SFg.

Em mode RIE, as caracteristicas da corrosdo como descritas no
capitulo 3 e ref. [4.6] s&0 as seguintes

- alta taxa de corrosfo para os £ilmes de tungsténio, silicio
policristalino, resiste, nitreto e dxido de silicio, com
baixa seletividade do tungsténio para resiste e éxido;

- paredes verticais para tungsténio, silicio policristalino )
nitreto de silicio.

Estas caracteristicas mostram gque ha bastante bombardeamento
idnico, como esperado em modo RIE com a poténcia aplicada a
25 kHz.

Em modo PF, as taxas de corrosio s3o extremamente baixas,
para todos os filmes. Ref. [4.6] menciona que taxas de
corrosdo de silicio policristalino sio um fator 3 mais baixas
que em RIE, com 50 W de poténcia. Para este material foi
observado um efeito de &rea muito grande: uma ldmina com
resiste corrdi 50% mais rapidamente que uma lamina sem
resiste. HA "undercut" para filmes de silicio policristalino
e nitreto : 08 processcs sao puramente isotrdpicos.

A taxa de corrosdo de tungsténio & t3o baixa gque ndo foram
feitos muitos testes.

A concluséo geral é que neste equipamento silicio
policristalino e tungsténic corrSem POr um processc quimico
mas com taxas muite baixas.

4.2.1.1.2) Plasmas de NFj;.

Em modo RIE, os resultados sdo similares aos dos processos
Com SF6 :

" as taxas de corrosfic s3o em geral maiores Qque para SFg, mas
as seletividades sio da mesma ordem de grandeza, em geral um
PouUCo menor gue para SFg;

- 08 perfis das paredes também sio verticais, tanto para
tungsténio com méscara de resiste que com méscara de 6xido
PECVD. N&o houve “undercut” com méscara de resiste. Houve
“undercut” de 100 nm com uma midscara de &xido. Isto indica
que hd corrosdo quimica, mas muito pouco;

- Ref. [4.6] relata tendéncias similares para corrogdo de
silicic policristalino e nitreto.

Isto mostra que corrosdo em modo RIE com plasmas de NFy &
induzida por bombardeamento ibnico.

Em modo PF, 0s resultados sdo muito diferentes dos resultados
com plasmas de SFg. A taxa de corrosio de um plasma de NFy é

um fator 20 maior que a taxa de corrosdo com SFg, com uma

poténcia de 50 W. Para silicio policristalino este fator é 5.
Taxas de corrosdo sdo em geral 50 % mais baixas gque em modo
RIE, mas este fator depende muito dos parmetros do processoc.
E necessArio distinguir processos com pressido maior que 100
mTorr e menor que 70 mTorr ( a regido intermedidria ndo foi
investigada ).
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Para processos Ccom pressdo malor que 100 mTorr, as
caracteristicas gerais s8o :

- Yaltas® taxas de corrosdo para tungsténio, silicio
policristalino e nitreto. Taxas muito mais baixas para
regsiste e 6xido. 1Isto resulta em boas seletividades.
Seletividade de tungsténio para TiN também é excelente;

- 08 processos sao puramente isotrdpicos para tungsténio,
silicio policristalino e nitreto. “Undercut” de tungsténio
ndo depende se a mascara € de resiste ou de Hxido.
“Undercut” ndo para no tempo, é possivel de tirar varios
micrometros de tungsténio debaixo da mascara. Isto é a
melhor prova que corrosdo de tungsténio ndo precisa de
bombardeamento idnico!

Todas estas caracteristicas mostram que a corrosio é
puramente quimica. Portanto podemos concluir gque é possivel
ter uma corrosdo puramente quimica de tungsténio, se houver
gsuficiente flhor atdmico, como comentade mais adiante.

0 efeito de area destes plasmas tem um comportamento
estranho: para ldminas cobertas com resiste, a taxa de
corrosdo do tungsténio diminui com a cobertura do resiste.
Para léminas cobertas com 6xido, a taxa aumenta com a
cobertura. Este fenlmeno serd comentado em mais detalhes
mais adiante.

Para processos com pressdes mails baixas que 70 mTorr, as
caracteristicas sdo muito diferentes :

- a taxa de corrogdo do resiste aumenta muito : a
seletividade do tungsténio para o resiste diminui até
aproximadamente 1:1;

- nédo observa-se “undercut” para camadas de tungsténio,
cobertas com resiste.

Além disso hA mais 2 caracteristicas que sfc mais comum para
modo RIE : alta uniformidade e auséncia de bolhas no resiste.
Estas caracteristicas indicam que estes plasmas se comportam
com bastante similaridade acos plasmas em modo RIE.

Em geral observa-se que guanto maior a pressio, malor o
comportamento guimico de plasmas em modo PF.

4.2.1.2} Corrosdo no Tegal 15xx

Somente plasmas de SFg foram investigados, pois ndo houve
disponibilidade de NF3 neste eguipamento.

O modo Triodo I é& muito parecido com o modo PF no SWAFER, se
ndo for aplicado poténcia AF. Portantc & de se esperar que
as caracteristicas sejam similares :

- taxas de corrosdo de tungsténio e silicio policristalino
sdo altas, enguanto as taxas de corrosdo de resiste sgio
baixas, resultando em boas seletividades;

- h& »undercut” para processos de tungsténio e silicio

policristalino.

Estas caracteristicas indicam que a corrosioc é guimica.
Quando aplicado uma poténcia AF no eletrodo inferior, mesmo
gque seja apenas 10 W, as caracteristicas mudam completamente
: paredes verticais podem ser obtidos em silicio e tungsténio
e a taxa de corrosdo do resiste aumenta bastante.
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Em modo Triodo II, a configuracio é tipicamente RIE. AS
caracteristicas dos processos s30 :

- as taxas de corrosdo para tungsténio e silicio
policristalino ainda sd3o altas, mas mais baixas do Jgue am
Triodo I. As taxas de corrosdo de resiste sio maioresg, as
seletividades sfo muito menores que em Triodo I;

- paredes verticais.

Isto mostra que a corrosdo é induzida por bombardeamento
ifnico.

4.2.1.3) Conclusbes gerais

E possivel corroer tungsténio induzido por bombardeamento
iénico, mas também por via quimica, se houver suficiente
fltor atbmico disponivel. Até é possivel dentro do mesmo
equipamento, no casc um Tegal 15xx, obter taxas maiores de
corrosdo quimica do que por corrosio induzida por plasma,
ambos para tungsténio e para silicioc policristalino.

4.2.2) Determinagdo da etapa limitante da corrosio.

O Gltimo comentdrio na secdo anterior é uma forte indicacédo
que a taxa de corrosdo € principalmente limitada pela chegada
de espécies ativas.

Comparando as taxas de corrcsdo e o consumo de fluor de
processos de corrosdo de tungsténio com de processos de
corrosdo de silicio policristalino podemos tirar conclusdes
mais exatas.

Nesta seqdo explicamos também o papel de oxigénio nestes
plasmas.

4.2.2.1}) O papel de oxigénic nos processos no SWAFER.

4.2.2.1.1) Plasmas de SFg.

Para estes plasmas sé foi investigado o modo RIE.

A influéncia do oxigénioc na taxa de corrosio é mostrado na
figura 4.3. BEsta influéncia é a mesma do que relatada na
literatura para plasmas de 13,56 MHz e descrita no capitulo
IT e anexo V.
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Figura 4.3 : Taxa de corrosdc de tungsténio e silicio
policristalino em fungdo do fluxo de oxigénio, para plasmas
com SFg, modo RIE.

4.2.2.1.2) Plasmas de NFj.

Para o modo RIE, a influéncia do oxigénio na taxa de corrosdo
é mostrado na figura 4.4.
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Figura 4.4 : Taxa de corrosdo de tungsténio e silicio
policristalinoe em fungdo do fluxo de oxigénio, para plasmas
com NFy, modo RIE.

As taxas de corrosido sdo bem maiores do que para plasmas de

SFg. Isto pode ser explicado pela decomposiclio mais répida
da molécula NF3, devida as ligac¢fes N-F serem mais fracas que
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as ligagbes S-F. Isto também explica porque ndo hé
incremento na taxa de corrosdo com a adi¢io de oxigénio ( a
fracdo de decomposigdo das moléculas j& & muito elevada sem
oxigénio ). Para fluxos maiores de oxigénio, a diminuicio
das taxas de corrosfo & a mesma gue para SFg como relatado no
capitulo 2 e anexo V.

Para o modo PF, mecanismos completamente diferentes ocorrem,
como mostrado na figura 4.5. Ambas as taxas de corrosio de
tungsténio e de silicio policristalino aumentam com o aumento
de oxigénio, até alcancar um miximo e depois ambas diminuem.
A diferencga com os outros casos é que o méximo para a
corrosdo de tungsténio fica a um fluxo de oxigénio muito
menor : a 30 %, gue & menor mesme gue para a maximo da taxa
de corrosdo do silicio policristalino.

0 fato de observarmos um forte incremento da taxa de corrosio
de W com a porcentagem de oxigénio no modo PF e gue nio era
observado no modo RIE pode ser explicado da seguinte maneira:
- h&4 uma interacdo entre carbono, proveniente do
fotorresiste, com a superficie de W, formando ligacSes W-C,
gue inibem a corrosdo do W;

- o0 carbono & removido da superficie do W com auxilio de
oxigénio, quando adicionado ao gls de entrada;

- no caso de RIE o carbone é removido pela acido do bombardeio
e o efeito ndo é observado.

Este hipbtese é reforgada por outras observacfes como
discutido no item 4.2.4.2,
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Figura 4.5 : Taxa de corrosi3o de tungsténio e silicio
policristalino em fungdo do fluxo de oxigénio, para plasmas
com NF3, modo PF,

O mecanismo para a corrosdo de silicio policristalino é
provavelmente o mesmo gque nos outros casos : diminuicdo de
taxa de corrosdo por causa da competigdo entre o F e o O para
fazer uma ligagdo com ¢ Atomo de Si. Para a corrosdo de
tungsténio um outro mecanismo, ainda ndo relatado na
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literatura, deve acontecer para os fluxos maiores de
oxigénio. Uma possivel explicacio pode ser achadc no ponto
de ebuligdo alto de WOFy : 188°C. Esta temperatura alta
indica ser necessario adicionar energia para retirar esta
molécula da superficie. No modo RIE, hi suficiente
bombardeamento que possa fazer este papel, mas isto ndo & o
caso em modo PF. Portanto é possivel que esta molécula fique
na superficie, assim diminuindo a taxa de corrosio ao invés
de aumenta-la. Para uma molécula WOF,, a razdo de O para F &
25 %, enquanto que para SiOF,, esta razdoc é 50%. Portanto o
efeito inibidor de WOF4 ocorre a fluxos de oxigénio mais
baixos do que para SiOF,, o que explica o maximo da taxa de
corrosdo de tungsténio a um fluxo de oxigénio mais baixa do

que para © maximo da taxa de corrosio de silicio
policristalino.

4.2.2.2) Consumo de fllor para processos no SWAFER.
Através da fbrmula (4.1) é possivel calcular o consumo de
flGor durante a corrosfc. Figuras 4.6-4.8 mostram OS
resultados para alguns processos descritos no capitulo 3.

Nesta se¢do daremos apenas as conclusdes gerais, para mais
detalhes, veja anexo V.

4.2.2.2.1) Para plasma de SFg em modo RIE.
A figura 4.6 mostra o consumo de F para este caso.
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Figura 4.6 : Consumo de flor durante a corrosio de
tungsténic e de silicio policristalino em funcgdo do fluxo de
oxigénio, para plasmas com SFg, modo RIE.

Ha 3 regibes :

- na primeira, sem ou com pouco oxigénic, o consumo pelo
silicio policristalino é maior. Este comportamento pode
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estar associado a fendmeno similar a da hipbtese proposta no
item 4.2.2.1.2. Neste caso podemos ter um efeito mais
complexo tendo em vista a peossibilidade do enxofre participar
da formacgdo de polimero o gue ndo ocorre com O nitrogénio;

- na segunda regido com fluxos de oxigénio, 0s consumos para
os dois materiais sdo ( guase } iguais. Isto indica que para
ambos 0s materiais a chegada de F atfdmico é a etapa
limitante;

- na terceira regido, o consumc pelo tungsténio é maior.

Isto indica qgue para silicio policristalino um outro
mecanismo limita a taxa de corrosdo. Come descrito na
literatura e no capitulo 2, este mecanismo é a competicio
entre os atomos de F e de O para o Si, formando produtos nio
volateis como SiO; e SiOF,.

Usando férmulas (4.7) e (4.9) podem-se calcular os valores
para G e xXg, como feito no anexo V.

Os resultados mostram gue a etapa limitante { para regido 2 )
é a geracao do flior atdmico, ndo a difusio.

4.2.2,2.,2) Para plasmas de NFj.

Figura 4.7 mostra que o consumo de flGor para o modo RIE & o
mesmo para corrosdo de tungsténio e para corrosdo de silicio
policristalino para fluxos de oxigénio baixos. De novo, isto
mostra que a taxa de corrosdo € limitada pela chegada de
atomos de fluor.
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Figura 4.7 : Consumo de fifior durante a corrosdo de
tungsténio e de silicio policristalino em fungdo do fluxo de
oxigénio, para plasmas com NFy3, modo RIE.

Usando formulas (4.7) e (4.9) podemos calcular os valores
para G e Xg.

Estes resultados mostram que a etapa limitante é a geragdc do
flGor atémico, ndo a difusdc, velja anexo V.
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Figura 4.8 mostra o consumc de flGor no modo pr.
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Figura 4.8 : Consumo de fltor durante a corrosdac de
tungsténic e de silicio policristalino em funcio do fluxo de
oxigénio, para plasmas com NF3, modo PF.

" na primeira regido ocorre um fenbmeno similar que na figura

item 4.2.4.2 );

- na segunda regido o consumo & o mesmo para os 2 materiais,
indicando que a chegada de fldor atémico é a etapa limitante
para a corrosio;

" na terceira regifo, o consumo de fllor € menor para o
tungsténio. Este fendmeno pode ser explicado pela formacio
de WOF,, como também explicado acima.

Usando férmulas (4.7) e (4.9) podem-se calcular os valores
para G e xg.

Estes resultados mostram que a etapa limitante ( para regido
2} é a geracdo do fllor atémico, nio a difusdo, também para
modo RIE, veja anexo V.

4.2.2.3) O papel de oxigénio nos Processos no Tegal 15xx.

A influéncia de oxigénio na taxa de corrosdo em modo Triodo I
esta mostrada na figura 4.9.
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Figura 4.9 : Taxa de corrosdo de tungsténio e silicio
policristalino em fung@o do fluxo de oxigénio, para plasmas
modo Triodo I.

0O resultado & muito similar ac resultado no SWAFER em modo
PEF:

os principais pontos de concorddncia sdo

- a taxa de corrosdo de tungsténio é mais baixa sem oxigénio
: mesmo com um fluxo de 50 % de oxigénio, a taxa & maior do
que com 0 %;

- a seletividade de tungsténic para resiste nio diminui com
fluxo de oxigénio : ela é mais baixa com zero oxigénio no
plasma.

H4 também dois pontos de diferenca entre os resultados no
SWAFER e no Tegal 15xx

- no Tegal 15xx a taxa de corrosdo do silicio policristalino
ndo aumenta significativamente com aumento de oxigénio;

- o mAximo da taxa de corrosdo de tungsténio ocorre a um
fluxo maior de oxigénio do que o maximo da taxa de corrosio
do silicio policristalino ( no Tegal 15xx ).

Esta primeira diferenca pode ser explicada pela alta
densidade do plasma, portanto mesmo sem a ajuda do oxigénio
hia muito fllor atdmico no plasma. Isto também foi verificado
nas medidas de actinometria, como mostrado no capitulo 3 e
usado para explicar o comportamento do silicio
policristalino. Da segunda diferenga podemcos concluir que
neste caso na&o temos inibic¢do de corrosdo pela formacgdo do
composto WOFy e portanto devemos ter maior bombardeamento que
no caso do SWAFER em modo PF.

0 mecanismo que explica a baixa taxa de correosdo de
tungsténic a 0% de oxigénio & explicado pela hipdtese dc item
4.2.2.1.2.

A influéncia de oxigénio na taxa de corrosdo em modo Triodo
II estéd mostrada na figura 4.10.
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Figura 4.10 : Taxa de corrosdo de tungsténio e silicio
policristalino em funcgdo do fluxo de oxigénio, para plasmas
modo Triodo I e II.

Neste caso hd uma boa concordincia com o comportamento de
corrosdao com misturas de NF3-O; em modo RIE no SWAFER. Os

mecanismos devem ser parecidos.

Outras caracteristicas dos processos de corrosdo, como também
comentadas em capitulc 3 e anexc IV :

- as taxas de corrosdo de tungsténio e de silicio
policristalino sdo menores que no modo Triodo I;

- a uniformidade & muito maior que no modo Triodo I;

- a taxa de corrosfo do registe é€ muito maior que no modo
Triode I.

4.2.2.4) Consumo de flilior para processos no Tegal 15xx.

Através da fébrmula (4.1) é& possivel calcular o consumo de
flGor durante a corrosdo. Figura 4.11 mostra os resultados
para alguns processos descritos no capitulo 3. Nesta secdo
daremos apenas as conclusbes gerais, para mais detalhes, veja
anexo V.

Para modo Triodo II, a figura 4.11 mostra que na regido
investigada a concordéncia de consumo do tungsténio com o
consumce do silicio policristalino e muito boa. Isto
significa gque a etapa limitante deve ser a chegada do fllior
atdmico.

Usandc férmulas (4.7) e (4.9) podem-se calcular os valores
para G e xg. Estes resultados mostram que a combinagic da

geracdo do fldor junto com a difusfo, limita a taxa de
COorrosao, veja anexo V.
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Figura 4.11 : Consumo de fllor durante a corrosdo de
tungsténio e de silicioc policristalinc em fungdc do fluxo de
oxigénio para Triodo I e Triodo II.

Para o modo Triodo I ha de novo 3 regifes, come nas figuras
4.6 ¢ 4.8

- na primeira regido ocorre um fendmenc similar do que nas
figuras 4.6 e 4.8 e explicado pela hipdtese do item
4.2.2.1.2;

- na segunda regido o consumo & 0 mesmo para 0s 2 materiais,
indicande que a chegada de flGor atbmico seja a etapa
limitante para a COrrosaoc;

- na terceira regifio, o consumo pelo tungsténio € maior.
Isto indica que para silicio policristalino um outro
mecanismoe limita a taxa de corrosdo. Como descrito na
literatura e no capitulo 2, este mecanismo & a competicgdo
entre o5 atomos de F e de O para o Si, formando produtos ndo
volateis como Si0p e SiOF;.

4.2.3) Formagdo de 6xido de tungsténio por oxidagdo de uma
camada fluorada.

Como descrito no capitulo 3, forma-se uma camada de oxido de
tungsténic gquando uma ldmina contendo uma camada de
tungsténio parcialmente corroida por um processo guimico rico
em flor, sai do reator. © fato que este fenfmeno occorre
tanto no SWAFER quanto no Matrix 303 indica que este fendmeno
nio estd ligado a um equipamento especifico, mas gue € um
fendmeno geral.

Para explicar o mecanismo atrds desta oxidaglo, usamos 0s
resultados das andlises Auger, como descritos no capitulo 3
- a la8mina oxida no momento gue ela chega no ar, ela nao
oxida num ambiente de nitrogénio;

- os perfis de profundidade das concentragdes de F e de O sdo
muito similares;
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- ndo houve mais F na lémina gue ficou no ar durante algumas
horas.

assim, propomos O seguinte mecanismo para a formacdo destes

bxidos. Em plasmas de NF3-0Oy forma-se muito fllor atdmico.

Parte deste fllor é usado para corroer o tungsténio por um
processo chamado de dessorcdo associativo {4.85], uma parte do
flhor difunde para dentro do tungsténio. Quando uma lamina
chega no ar, gue sempre contém vapor de Agua, assumimos que a
seguinte rea¢do ocorre :

W-F + H-H-O -> W-0 + H-F + H

O HF evapora no ar e ficam as ligag¢des W-0O, formando a camada
de 6xido.
Para maiores detalhes, veja anexo V.

4.2.4) Formag¢do de 6xido de tungsténio em geral e suas
influéncias.

4.2.4.1) : Influéncia de pré-tratamentos.

Na literatura encontram-se dados contraditbébrios sobre a
formagdo de Oxido de tungsténio e suas influéncias [4.7,4.8].
Varios testes foram feitos e as conclusfes sf8o as seguintes :
- deixando uma lamina no ar ou colocando-a num plasma de
oxigénio a uma temperatura menor gue 200°C, ndo se forma um
bxido de tungsténio que impede uma posterior corrosio;

- colocando a l8mina num plasma de oxigénio a uma temperatura
maior que 250°C, forma-se uma camada de 6xido de tungsténio
que diminui a taxa de corrosdo;

- um 6xido formado por oxidacdo de uma camada fluorada, como
descrito em 4.2.3, diminui a taxa de corrosio.

0s espectros Auger, mostrados no capitulo 3, indicam que se
houver formagdo de um composto do tipo WO na superficie, o
6xido é formado por ligagdes guimicas e diminui a taxa de
COrrosdo.

Lédminas com W, ndo corroidas em plasma e deixadas no ar por
semanas tiveram um compostc WO, na superficie, com x menor
gque 2. Neste caso 0 oxigénio era apenas adsorvido e o
composto ndo forma uma impeddncia para a corrosdo.

4.2.4.2) Influéneia do resiste.

O fato que a taxa de corrosido de tungsténic diminui com a
cobertura de resiste para processos em PF no SWAFER, mostra
que a influéncia do resiste é bem diferente gue para outros
filmes. O fato que héd um efeito de Area tradicional para
silicio policristalino coberto com resiste [4.6] e para
tungsténio coberto por 6xido PECVD, veja capitulo 3, mostra
ainda mais que o conjunto tungsténio - resiste comporta-se
bem diferente do que gualguer outro conjunto de materiais.
Outros fatos, comentados no anexoc V, indicam no mesmo
sentido.

Figuras 4.6,4.8 e 4.11 mostram que com 0 % de oxigénio o
consumo de fllor é menor para tungsténio do que para silicio
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policristalino. Assumimos que este fendmeno é causado pela
diminuicdo da taxa de corrosdo pelo resiste ou pelo carbono
gque faz parte do resiste. Quando houver oxigénio, formam-se
produtos CO e COy que tiram a influénecia do carbono.

Fi

Porém ndo foi possivel determinar exatamente qual é o
mecanismo que faz com que o0 complexo W -~ C diminui a taxa de
Corrosao.

Os dois mecanismos mais provaveis, que podem até ocorrer
simultaneamente sao

- formacdo de liga¢Bes W-C na superficie da 1l4mina, que
impede a corrosdo; o C é removido facilmente pelo O nos
plasmas que contém oxigénio;

- com a adic¢do de oxigénio aumenta a voltagem sobre a bainha,
portanto hé mais bombardeamento idnico que possa quebrar as
ligagbes W-C.

Para mais detalhes, veja anexo V.
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Capitulo 5 : Conclusdes gerais do trabalho.

5.1) Desenvolvimento de processos.

Foram desenvolvidos processos para obter “plugs” nos dois
equipamentos investigados. Ambos 0s processos tém boas
caractristicas : boa uniformidade, peqguenc efeito de area,
boa seletividade para o material em baixo e uma razoavel taxa
de corrosao.

Conseguimos obter processos para corrosic anisotrépica de
tungsténio. Infelizmente, nio conseguimos obter
seletividades de tungsténio para resiste reprodutiveis
maiores que 1,1:1. Esta baixa seletividade implica que nao
se pode usar um resiste tradicional de 1 um de espessura para
corroer um fiime de tungsténioc da mesma espessura. Portanto
¢ necessdrio usar um sistema de mascaramento alternativo, ou
uma camada de tungsténio mais fina. No entanto, este
processo pode ser utilizado com sucesso na corrosio de
policeto de tungsténio, onde a seletividade é bem maior.

5.2) Determinacdo de mecanismos de corrosdo por plasma de
tungsténio,

Foi confirmada a maioria dos mecanismos descritos na
literatura, para os doils eguipamentos investigados. Portanto
a maioria dos mecanismos gue valem para plasma tradicionais a
13.56 MHz, valem também para plasmas de 25 kHz e plasmas com
confinamento magnetico. Estas confirmacdes incluem :

1: o papel de oxigénic é guase sempre o mesmo : a baixos
fluxos, ajuda na formacdo de fllor atdmico; a altos fluxos,
ele dilui e/ou faz com que haja competicfio entre F e O para
fazer a ligacdo com o Si ou o W.

2: no caso de W ha formacdo de WOF,4 gue na maioria dos casos
& volatil; no casc de $i forma-se 8105 e/ou SiOF5 que ndc sio
volateis;

3: bombardeamentc idnico aumenta a taxa de corrosio

4: & possivel obter corrosio anisotrbpica.

No caso das contradi¢bes encontradas na literatura, tiramos
©s seguintes conclusdes :

1: é possivel remover tungsténio por corrosio meramente
quimica, se houver suficiente fldor atémico disponivel;

Z: uma corrosao anisotrdpica ocorre se houver suficiente
bombardeamento idnice; ndo hi necessidade de criar uma
protegdo na parede;

3: deixando as laminas em ar ou colocando-as num plasma de
oxigénic a baixas temperaturas, ndo se forma um &xido que
inibe a corrosdo de tungsténio,

4: quando o tungsténio entra em contato com oxigénio a
temperaturas altas, tipicamente maiores que 250°C, ou guando
entra em contato com ar depois de uma corrosdo parcial por
plasma em modo quimico com uma mistura contendo NF,, forma-se

um 6xido que diminui a taxa de corrosdo do tungsténio.
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5: a presenca do resiste diminui a taxa de corrosio para um
processo quimico com NF3. O complexo tungsténio - resiste -
plasma causa fendmenos nioc compreendidos ainda.

Além disso determinamos mais alguns mecanismos:

l: para a grande maioria dos processos, a etapa que limita a
taxa de corrosdo é a chegada do fllUor atdmico na superficie
da lamina;

2: para taxas de corrosdo baixas, a geracéo do fillor é a
etapa limitante; para taxas de corrosio altas, a difusio
também limita a taxa;

Sugerimos mais 0s seguintes mecanismos :

3: se ndo houver suficiente bombardeamento idnico, o WOF4
inibe a corrosdo ao invés de promover a COrrosdo;

4: © carbono do resiste forma junto com o tungsténio e o
fluor deo plasma um composto W-C-F que inibe a corrosio s8e nao
houver suficiente oxigénio e/ou bombardeamento para remove-lo
da superficie de tungsténio.

5.3) Sugestdes para futurcs trabalhos.

Para elucidar dividas deixados em aberto no trabalho
sugerimes ©Os seguintes experimentos

1} Determinacdo de taxas de corrosdo e consumo de flior para
laminas com tungsténic sem resiste no Tegal 15xx em modo
Tricdo I, principalmente para © Processo sem oxigénio. Por
este teste poderiamos verificar se o carbono do resiste &
realmente o fator importante na limitacio da taxa de
corrosdo. Por outro lado ndoc se pode esquecer que sempre ha
carbono no reator por causa do material do sistema de
“clamping” da ldmina: os dedos sdo feitos de um polimero.,

2) Determinag8o de taxas de corrosdo e consumo de flaor para
léminas com tungsténio sem resiste no SWAFER em modo PF,
principalmente para © processo sem oxigénic. Por este teste
poderiamos verificar se o carbono do resiste & o fator
importante na limitag¢do da taxa de corrosio. No SWAFER pPoram
uma parte do eletrodo € feito de grafite. Portanto para
eliminar completamente o carbono, deve-se remover este anel.
3) Fazer testes com SFg no Matrix 303 para verificar se ha
oxidac¢8o do tungsténio.

4) Depois de fazer corrosio quimica de tungsténio com fldor,
deixar a ladmina durante um tempo dentro de um ambiente de
oxigénioc a pressdo atmosférica para verificar se o oxigénio
puro pode oxidar o tungsténio.

5) Fazer um estudo mais extensivo da infludncia de pré-
tratamentos na taxa de corrcsdo de tungsténio, principalmente
em modo PF no SWAFER, mas também no modo Triodo I no Tegal

1hxx,
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Como continuidade do trabalho sugerimos

1) investigar o uso de cutras misturas de gases, por exemplo
adicionar HBr;

2) combinar os conhecimentos da corrosdo de silicio
policristalinc e de tungsténio para desenvolver processos de
corrosac de silicetos de tungsténio;

3) um estudo especial sobre a formacdo de particulados e a
passivagdo de reatores em funcdo do nimerc de ldminas e os
processos especificos de corrosio de tungsténio por plasma.
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Appendix I : Plasma etching of tungsten: existing
models and auxiliary techniques.

Introduction:

General principles of plasma etching are well described in
the literature [1-4]. Some etch mechanisms are known and
models have been proposed, mainly for silicoen etching.
Papers on tungsten etching are rather scarce, certainly in
comparison with silicon etching or tungsten deposition. As
tungsten is a relatively new material in the fabrication of
integrated circuits, its etching is not described in
pubiications on etching in general. Ref [5] is the most
comprehensive compilation article, but far from complete and
up to date.

The main objectives of this appendix are:

1} to describe qualitatively the different mechanismsg
involved in plasma etching of tungsten, {starting from
general plasma etching knowledge, applied to tungsten
etching) .

2} to make an overview of the mechanisms and models of
tungsten plasma etching in the literature

3) to describe two techniques which were used in the
experimental part of this work: actinometry and statistical
design of experiments.

4) to describe the application of tungsten most used in the
industry : the formation of plugs.

This report was divided in six parts:

1: Overview of the overall mechanisms of plasma etching.

2: Existing models for the etching of tungsten with fluorine
containing gases - a brief overview of the existing

literature.

3: Overview of the reports on tungsten etching with non
flucorine containing gases.

4: Actinometry.
5: Statistical design of exXperiments.

&: An important application : tungsten plugs.

1) Overview of the overall mechanisms of plasma etching.

The plasma etch process can be divided in several
subprocesses. A traditional division is as follows [1-37:

- the active etch reagent particle reaches the surface to be
etched

- the reagent adsorbs at the surface

- the reagent chemisorbs: a chemical bond is formed
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- other reagent particles react with the surface atom, &0
that the velatile product moiecule is formed

- the product molecule desorbs from the surface, and is
pumped away .

One should cbserve that an extra step should be added at the
start of this process:

- active etch reagent particles are formed.

Bach step will be described briefly, with tungsten etching as
application in mind.

We will investigate how these steps affect the etching of
tungsten using a fluorine gas. These principles can easily
be transposed to the etching of other films with other gases.

1.1) Formation of the active species.

In general the gas molecules entering the etch chamber do not
spontanecusly react with the film to be etched. For most of
the films used in silicon technology, atoms from the halide
group, like F, C1 and Br, form chemical bonds with the atoms
of the material which is being etched. Even in the case of
polymer etching with oxygen, it are the O atoms that form the
bonds with C and H atoms and not the 0O, molecules [6]. The
formation of atoms is not alwaye necessary, as for chlorine
etching of aluminium: Clp is sufficiently reactive [7].

But when spontaneous etching does not occur, the main role of
the plasma is often to deliver the extra energy to form the
atoms from their original molecules and it are these atoms
that then will adsorb-chemisorb and form the volatile product
[2,3,5]. The binding energy between the non-fluorine atom
and the fluorine atom is therefore an important parameter:
takle I shows the binding energies for some important gases
(8] . From these values one can conclude that under fixed
conditions more free fluorine will be formed with NF3 than
with SFg, while CFy will yield the least free fluorine. 2ag
will be shown later, the formation of free fluorine very
often is the etch rate limiting step. 1In these cases etching
will be faster with NF3, then with SFg and slowest with CFg.

Table I : Binding energies for important etch molecules.

CF3 - F : 128 kcal/mol
SFg - F : 90 kcal/mol
NF; - F : 55 kecal/mol

128 kcal/mol
82 kcal/mol
63 kcal/mol
131 kcal/mol

5200
i Bes Be > Iy

Determining absolute values for the formation or
concentration of free fluorine is extremely difficult - at
this moment even impossible - with the actual knowledge.
However there are technigues such as mass spectroscopy, Laser
Induced Fluorescence (LIF) and actinometry which can yield
relative concentrations, while comparing different plasma
processes. [5,10-15].
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The formation of free flucrine can also be influenced by the
addition of other gases. The best known systemg are those of
CPy + QOp and CFy + Ho.[1-4,16]

For the first mixture the following { amongst other )
reactions occur:

CFg + Oo -> COp + 4F. (1)
2 CFg +# Oy -> 2 COF5 + 4F {2

Through these reactions, the density of free fluorine
increases, cften increasing the etch rate, as is shown in the
literature and alsoc in this work.

The presence of carbon, in the form of an electrode, but even
as a composing element of photoresist, will also influence
the free fluorine as it will scavenge oxygen atome and
molecules through the following reactions:

C + 05 -> COp {3)
2C+ 0y -> 2CO (4)

Therefore reactions (1) and (2) will occur less, decreasing
the density of free fluorine.
Similar reactions occur when adding oxygen to NFy and SFg.

The presence of hydrogen influences directly the density of
free fluorine as the following reaction cccurs in the plasma:

2 F + Hy -> 2 HF (5)

Hydrogen scavenges fluorine, decreasing its concentration and
decreasing the etch rate. This kind of chemistry is often
used for the etching of silicon dioxide, to obtain
selectivity towards silicon.

When a somewhat adequate model of generation of atomic
species in a reactor is to be determined, all these factors
have to be taken into account.

Traditional fluorine containing etch gases are CFyq, SFg and
NFy. Unless their fluorine atoms are liberated, these gases

will not etch films used in the semiconductor industry. The
generation of free fluorine is one of the most important
functions of the plasma. The generation rate of this free
fluorine is a function of the "macro plasma parameters" such
as : halide gas used, additional gas{es) used, flows,
pressure, applied power, power frequency, etch mode,
interelectrode distance and materials of the etch reactor -
mainly the electrode - etc. These macro parameters will
determine the "micro plasma parameters" such as : density of
iong and electrons, energies of these ions and electrons,
plasma potentials etc {1,2]. It is clear that modelling of
plasma kinetics as a function of all these parameters is
extremely difficult, though it is being tried {8]. 1In this
report we shall try to determine gqualitatively and
gquantitatively some parameters and their influences on the
etch process.
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1.2) Flow of reactive particles reaching the surface of the
wafer.

What needs to be known to determine the etch rate is the flow
of free fluorine atoms that reach the surface. This flow is
determined by two mechanisms:

1: the generation of free fluorine atoms.

2: the transport of these atoms to the surface.

As discussed above, a numerical determination of the first
factor is nearly impossible.

The second factor can be calculated making some assumptions,
as will be shown in appendix V.

It ig very hard to guantitatively determine through
experiments the free fluorine concentration, Cg, which varies
in space. Spatially resolved LIF measurements could give
some indications, but a special reactor would be Necessary,
with access of the laser beam to several heights above the
wafer. So a special design of windows in the reactor would
be needed, which is normally not available in commercial
systems.

1.3) Adsorption and chemisorption.

Not all fluorine atoms that reach the surface will react with
the tungsten to form eventually the volatile WFg product.

Part of the incoming atoms will return into the plasma
without reacting with the surface at all. E.g. part of the
impinging atoms will adsorb for some time, but desorb before
chemisorption occurs.

A part of the incoming atoms however will form a bond with
the tungsten atom to form a WF, compound, with x = 1,2,3 or 4

[17]. These WFy compounds will interact as discussed below

in 1.4.

A sticking coefficient s can be defined as:

s = ratio of the chemisorbed atoms to the impinging atoms.
The sticking coefficient depends on the type of atom, the
nature of the surface ( e.g. surface roughness is an
important parameter ) and the available area to adsorb ( e.g.
if the total surface area is already covered with F, no new
incoming atom will stick }.

As the initial energy needed for an atom to adsorb is less
than the energy needed to chemisorb, adsorption is not the
rate limiting step. It can be observed that the enthalpy of
the system of the chemisorbed atoms ( e.g. N-F ) is lower
than the enthalpy of the system where all atoms are separate
{ N and F separate )}, but a potential barrier has to be
overcome before reaching the overall more stable situation

[187.

The rate of chemisorption will depend on the concentration of
adsorbed free fluorine and on the energy input in the system.
The energy can be delivered in the form of heat or in the
form of kinetic energy from the impinging ions.

It is well known that pure chemical etching follows
Arrhenius' law when chemisorption is the limiting process.
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This is e.g. the case for photoresist removal in afterglow
strippers: a lot of atomic oxygen is formed and the
temperature of the wafers can be controlled. It is then easy
to determine the activation energy, Ez, through the

measurement of the etch rate at several tamperatures, from:
I = Iy exp (-Egz/kT) (6)

with k the Boltzmann factor, T absolute temperature in Kelwvin
and r, a proportiocnality factor.

Ey has been determined for resist-oxygen systems [6] but also
for tungsten - halide systems [10].

For RIE plasmas however, most energy will come from the
impinging ions: the etching will be bombardment enhanced.
Curves of the type In r as a function of 1/T are not straight
lines then. In this case it is very hard to quantify this
type of process mechanism.

1.4) Formation of the volatile product.

It is not sufficient to form 1 W-F bond : WF is not a
volatile product. WFg on the other hand is a volatile
product. This product formation is not fully understood yet,
but studies have shown that certain models are more
acceptable than others ( see item 2 below}. The model of
associative desorption [17] assumes the formation of Wry

{ x = 1->4 ) compounds over the wafer, which eventually form
WFg at certain sites through the following reactions:

WF2 + WF4 - WF6 + W {7)
WF3 + WFB - WF6 + W {8)
WEy + WFyg - WFg + WE (9)

This is the case when very orderly chemical etching takes
place. In the case of bombarding ions, the model is much
more chaotic: the energy of the incoming ion can be
sufficient to dislocate F from several sites and bind them to
1 W-atom, in this way forming the volatile product, without
having to cover the whole area with WF3 and WF; complexes.

It is also possible to remove non-volatile WEy molecules from
the surface, which are then fluorinated into WFg in the
plasma.

1.5) Desorption

The volatile product, for tungsten : WFg, must leave the

surface and be removed from the reactor through the pump,
This process is described in more detail in ref {19} and in
appendix V, where some calculations will be made.



1.6) Summary

The etch rate can be limited by whatever subprocess described
above. A huge part of the studies in the literature is
dedicated to the determination of the etch rate limiting step
for the etch processes of a certain material in a certain
reactor with certain etch process parameters. In appendices
IT, III and V the investigations to determine the etch rate
limiting step for the etching of tungsten with fluorine
containing gases will be described, for 2 types of equipment :
a low frequency plasma etch system and a magnetically
confined plasma etch system.

2) Existing models for the etching of tungsten with fluorine
containing gases - a brief overview of the existing
literature.

In this item a short overview is given of reports published
on tungsten etching which are relevant for our work. Reports
confirmed by our work receive a {!) sign, reports in
contradiction are indicated by the (*) sign.

2.1) General cbservations.

Table II shows the boiling points of pessible volatile etch
products of W and Si:

Table II : Boiling points of possible volatile etch products.

SiFy -86°C WBIg 333°C
SiCly 57.6°C WOF4 188°C
WF g 17.5°C WOC1, 228°C
WClsg 276°C WOBI4 327°C
WClg 347°C

These data indicate that fluorine is the most adeguate
halogen to remove silicon and tungsten layers quickly. By
adding energy, e.g. by ion bombardment, it is also possible
to etch tungsten with chlorine or bromine containing gases.
[10,20,21]

It should be remarked that most published tests occurred in a
13.56 MHz system, some with microwave plasmas. No reports

7

were found on Audio Frequency { AF } plasmag.
2.2) Influence of the used gases

Several tests have been reported on tungsten etching with SFg
and CFy plasmas.
Small additions of Op (and N;) increase the number of free

fluorine, through reactions similar to {i} and (2}, see
section 1.1. This causes the etch rate of tungsten to
increase [11,12,15,21-25]. However, if too much additional
gas is added, other mechanisms become more important. A
first factor is the dilution of the halogen gas by the added
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gas, which becomeg more important than the F generating
factor, hence the ¥ concentration decreases, with a
decreasing etch rate as consequence. A second factor is the
competition between the halogen atoms and the added gas atoms
to form bonds with the surface atoms of the film to be
etched, as is the case for etching of silicon, with addition
of 05

Etch rates were plotted as a function of 0, content. On the
same plot the relative concentration of free fluorine ang
sometimes the etch rates of silicon or polysilicon in the
same system were plotted, resulting in figures similar to
fig. 1.

[A.U.] [A.U]
300 v 1 T T g 7 '
Si etch rate

F Cencentration

Concentration

¥

W etch rate

100 A 1 A | . I i
0 20 40 60 80

Oxygen flow in [A.U.]

Figure 1 : General trends in polysilicon and tungsten etch
rates and F concentration as a function of oxXygen content, in
this case all in arbitrary units.

From these curves, mass spectroscopy and XPS analysis [11,23-
25] the following model has been proposed.

There are three significant regimes: the first with little
oxygen addition, where the etch rate is determined by the F
content and WFg is formed. At intermediate regimes the
formation of WOF; helps to keep the etch rate high, although
WOFy 1s less volatile than WFg. When more oxygen is added
there is competition in the formation of tungsten fluorides
and tungsten oxydes [11] or the dilution is too large to form
enough free fluorine to form one of the halogenated volatile
etch products.

The difference with the model for silicon etching is that
besides the formation of WFg, also WOF, is formed when O, is
added to the plasma. This is the reason that the maximum of
the tungsten etch rate curve is located at a higher O,
percentage than the maximum of the F curve. The maximum of
the silicon etch rate curve is located at an even lower
oxygen content for the following 2 reasons:
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1: SiOF; { the equivalent of WOF,; ) is not volatile at all.
Therefore it does not contribute to the increase of the etch
rate.

2: Oxygen will oxidize the silicon surface, hereby making the
etching much more difficult, as Si0Op is harder to etch than
pure Si [17].

W04 1is & stable but volatile molecule [27]1{*). In the
literature one can find that the formation of a tungsten
oxide layer inhibits the etching [28], but also that it does
not influence the etching [11]. In this work we shall show
that the influence of the tungsten oxide depends on the used
etch mode ( and the thickness of the oxide ).

Addition of oxygen can also influence the anisotropy of the
process: it can increase it, when mixed with SFg, through the
increase of the ion bombardment [25], or can decrease it by
formation of more free fluorine, increasing the chemical
etching [26] ( depending on the other plasma process
parameters ).

Small nitrogen additions can increase the etch rate
significantly by firstly creating more free fluorine and
secondly increasing the ion bombardment [24,261.

For NFj3 + Op plasmas it was reported that no WOF, was found

[28] (for etch processes in RIE mode). Also for these gases
a damage induced etching has been proposed. No report was
found on pure chemical etching using NF3 as an etch gas, only

on RIE mode etchings.
2.3) The influence of ion bombardment.

Ion bombardment can be a very important etch rate increasing
factor in tungsten etching. It is possible to etch tungsten
in a purely chemical way (!}, but ion bombardment caused by
electric fields, related to a difference in potential cover
the dark sheath as small as 25 V, increases the etch rate by
a factor of 2 [23]. The increase of the DC bias voltage can
result in considerable etch rate increase. Traditionally,
this is done by increasing the RF power, but changes in
pressure and in additional gases can be responsible for
greater etch rate differences than expected on a chemical
basis only.

Ion bombardment causes the formation of active W sites. On
these sites the sticking coefficient of the impinging F is
higher. 1In this way etch rates can be increased by a factor
of 1% or more by traditionally available 100 V DC biasg
[29,30}. When using an ion beam it could be shown that the
etch rate is proportional to the ion current, not to the ion
energy [31]. A lot of these tests used XeF,; as etching gas,
without using a plasma. It has been shown [32] that this gas
dissociates at the wafer surface when bombarded, in this way
increasing the etch rate algo. It is very hard to determine
which mechanism is responsible for the larger part of the
etch rate increase. 1In traditional plasma systems, using
CFy4, SFg Oor NF3, a lot of free fluorine arrives at the
surface from the plasma, more than is generated by
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dissociation of parent molecules at the surface. Therefore
ion bombardment increases much less dramatic the etch rate
than with XeF; gas, as occurred in the tests mentioned above.
Reports on anisotropy show all kinds of results
[23,25,26,35). It is clear that anisotropy depends on a lot
of factors, such as resist material, electrode material,
oxygen addition, besides the traditional factors as pressure,
power and (resulting) DC bias. It sometimes is assumed that
a polymer has to be formed to protect sidewall etching.

Other reports show that the formation of active W sites
through ion bombardment, increases the vertical to horizontal
etch rate so that anisotropy is obtained.

2.4) Chemical etching.

It is not obvious that pure chemical etching of W with
fluorine should take place with a boiling point for WFg as
high as 17.5°C. The following mechanism of associative
degorption has been proposed {17]: enough free fluorine
needs to be generated in order to form WFy ( x = 2-4 )
compounds over the whole surface by the following chemical
reactionsg:

W+ F -> WF (10}
WF + F -> WFp (11)
WEs + F -»  WFs {12)
WFq + F -> Wy (13)

The veolatile WFg compounds are formed by the following 2
reactions:.

WEFy + WFa -> WF6 + W {14}
WFy + WFy -> WFg + W {15}
WFy + WF3 > WFg + WF (16}

This mechanism is similar to the formation of SiF,; by
associative desorption of two SiF, molecules, formed at the
fluorinated surface of a silicon film.

Few data are shown on the temperature influence: ref f1o}
shows that the tungsten etch rate has an Arrhenius dependence
on temperature, with activation energies of 0.2 eV, both for
CFy as for SFg gas. The experiments were done in Plasma Etch
mode, so etching is presumably merely chemical.

2.5) Summary of the proposed models.

Though there are several contradictions in the literature,
there exists agreement on the following topics:

- Tungsten can be etched by free fluorine, even without
bombardment enhancement.

- Ion bombardment enhances the etch rate of tungsten, in some
circumstances even dramatically.
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- The etch rate follows guite well the free fluorine
concentration. Both for CF4 and SFg the formation of WOF 4

increases the etch rate of tungsten. For NF3 no formation of
WOF, was observed.

Contradictions were found mainly on the following two topics:
- addition of oxygen to a halide decreases the etch rate
through formation of tungsten oxide.

- which mechanism is responsible for the formation of the
vertical walls of the tungsten when having a bombardment
enhanced etching : the formation of active sites or
passivation of the sidewall by a carbon containing material.
The chemical etching of tungsten is also not very well
modelled, but the existing model of associative desorption is
well accepted.

2.6) Calculation of the fluorine flow consumed during
etching.

In ref [1] a formula is found from which it is possible to
calculate the quantity of consumed species. A more general
result can be obtained, as deduced below. This calculation
will be important to illustrate etch mechanisms and their
influence on the etch rate. The following numerical example
is used

tungsten etching of a 125 mm wafer proceeds at a rate of 200
nm/min at a 200 mTorr pressure with a flow of 100 sccm of NF,y
{ this is an example of an etch pbrocess in the Cobrain SWAFER
equipment {33], also presented in appendix IT ).

The following well known data are necessary: density of the
film, atomic weight of the material of the film, overall etch
reaction, area of the wafer that is being etched. One can
often assume that the density of the film is equal to the
density of the material.

For tungsten thig vields:

densitv 0 : 19.35 ka/dm3 = 19.35 g/cm3
atomic weight M: 184 g/mol

overall reaction: W+ § F -> WFg

For the above mentioned example we have:
Volume of W removed in 1 minute : Veem = AX Y =

T x (6.25)2 x 200 x 1077 = 2.45 10°3 emd

The number of atoms per veolume n can be calculated from
density and atomic weight, using the number of Avogadro NA.

For tungsten: n = p / (M/HA} = 19.35 / (184/6.02 1023 ) =
0.633 1023 atoms/cc
The number of W atoms removed per minute is : n x Vyem =

1.554 1020 atoms per minute
Assuming WFg as the sole etch product, 6 F atoms are needed

to remove one W atom, its consumption is: 9.323 1020 atoms
per min.



From the definition that 1 scem = 1/22400 mol/min = 0.269
1020 atoms/min one can conclude that when etching a blanket
125 mm W wafer at 200 nm/min, 34.7 sccm of F is consumed. It
must be observed that this flow has tc reach the W surface of
the wafer. At the same time a flow of 5.8 scom WFg leaves
the wafer. As these flows are proportiocnal to the etch rate
one can alsc state that per nm/min of W etch rate a F flow of
0.173 scem is consumed and a WFg flow of 0.029 scom comes

free from the surface, for 125 mm wafers.

It is possible to calculate the flow Jp of consumed F
directly from the general formula:

Jp = 2.24 1073. m . (4/2)2 . etchrate . p . X / M (17)
with:

Jgp ¢ fiow of F atoms consumed in [scem)

d : diameter of the wafer in [cm]

etch rate : of the film in [nm/min]

p : density of the film material in [kg/dm3]

X : Coefficient of the reaction : Mat + X Hal -> MatHaly
M : atomic weight of the film material in [g/mol].

For silicon with p = 2.33, M= 28 and X = 4, for a2 125 mm
wafer at 200 nm/min the consumption of F = 18.3 sccm.,

It is also possible to obtain the efficiency of the used gas
by dividing the flow Jp of consumed atoms by the total amount
of available atomg. This amount is the flow of the mother
molecule multiplied by the number of F atoms in this mother
molecule., Most often this efficiency is between 1% and 10%
for traditional RIE plasmas.

These data are independent of etch gas used, reactor type
etc. ag we made no use of dissociation rates, specific
chemical reactionsg in the plasma state, etc.

3) Overview of the reports on tungsten etching with non
fluorine gases.

Tungsten can be etched by chlorine atoms without any ion
bombardment [5,20]. The overal reaction is

W+ 6 Cl -> WClg (18)

It is shown that, even at high temperatures, Clo molecules do
not etch tungsten. In an afterglow plasma, Cl atoms are
responsible for the tungsten etching [34]. But it is
necessary to give the samples a diluted HF dip or a short
plasma cycle, before introducing them in this reactor; if
not, no etching takes place. This shows that a small
inhibiting layer is normally formed (probably tungsten
oxide). These results show on the other hand that chemical
etching by Cl atoms is more important than the high boiling
temperature of WClg suggests,
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W etch rate increases with pressure, at least if the flows
are high enough, i.e. at low residence times. It is even
pessible to increase the etch rate till pressures of 1200
mTorr for residence times of half a second [20]. This
phenomenon shows that chemical etching can be very important.
Temperature effects are more important in afterglow plasmas
than in RIE plasmas [34].

BCly additions can have dramatic influences. As little as 2%
addition of BCljy to Cly can increase the etch rate with a

factor of 2. But addition of 10% decreases etch rate with a
factor of 2. BCl; is believed to remove water vapour or a

tungsten oxide at the surface, but when added too much, it
reduces the Cl atom density ( dilution effect ) [34}.

4} Actinometry

A relatively simple technique to analyse the plasmas is
actinometry. This technique is based on optical emission
spectroscopy.

Optical emission spectroscopy on itself is widely used in
plasma analysis, because of its simplicity [5,10-15,36,37].
The various species in a plasma emit light at different, well
known wavelengths. However one has to be careful when trying
to perform a quantitative analysis of these species. The
light intensity at the wavelength of a particular specie is
not only a function of the concentration of the specie, but
also of the electron density and electron energy distribution
of the applied plasma. It is possible to make a correction
by introducing an inert gas which must have similar
excitation characteristics as the specie to be characterized.
It is well known that Ar is suitable as a reference gas for
the monitoring of free fluorine concentration [36,37].
Comparing optical emission spectroscopy with mass
spectroscopy, its drawback is that only excited species can
be measured. Therefore the following reaction has to occur:

e” + 8 ->» 8% + e (19)

The intensity of the light is proportional to the number of
excited species that relax by photoemission. If one wants to
compare the free fluorine content of different process a
constant fraction of the excited S* species must relax by
photoemission for these processes. When comparing processes
e.g. at different pressures, this is not always the case.

*

S -» 8 + hyv (20)

If relaxation by photoemission is constant, then the
intensity of the emission, Ig, is proportional to the

generation rate of S*.

Ig > kg [e"] I[g] (21)
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The constant kg is proportional to the excitation efficiency.
The excitation efficiency Eg can be expressed as:

Eg = [ V(E) 0g(E) £(E) dE (22)

In this eguation : v{E} is the electron velocity, og(E) is
the collision cross section for excitation and £(B) is the
electron energy distribution function. It is well known: that

v(E} and o0g(E) are functions of the electron energy E.

Applying these eguations to the specie X to be monitored and
the reference gas A:

Iy _ kx [X] _ Egy [X] (23)

Ipn kr [Al] Ega [A]

It the reference gas A is chosen so that ox and op are
similar functions of electron energy, then Egy and Egp will

also be similar functions of the electron energy. In this
case ky/kp can be considered a constant.

To determine the concentration of the specie X, one hag to
take care that the concentration of the monitor gas A is a
constant. Therefore the flow of the gas A must always be a
constant fraction of the total flow that enters the reactor.
At different pressures, the total density of the gas is also
different. Therefore to obtain a measure of the absolute
concentration of the specie X, the pressure has to be taken
intc account. This results in the formula-

[X] = p" Ix / Ip (24}

p" 1s a factor proportional to the total pressure in the
reactor. The validity of this technique has been shown for
various combinations of gases [5,10-15,36,37). On the other
hand, this technigue does not work for all plasmas [14].

For the plasmas used in this work, it is the free fiuorine
cencentration [F] that has to be determined. The peak most
often used is the one at 704 nm.

As a reference gas Ar is in general used. Ar has an
excitation energy of 13.5 eV, while F has an excitation
energy of 14.5 eV: therefore one can assume that their
excitation efficiency is very similar. For Ar the peak at
750 nm is most often used. In some plasmas however, the
intensity at this wavelentgh is rather low, so that the
signal to noise ratio is very low. In this case, the peak at
697 mm can be used. For this peak the drawback exists that
with no Ar flow, its intensity is not equal to zero. In this
case one can perform tests with several Ar flows and through
interpolation determine the correct value of Iay. This

technique is well described in ref [37].
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5) Statistical design of experiments.

Statistical design of experiments is a technigue to obtain a
maximum of information from a Certain set of tests in an
efficient way [38-43]. As a consequence, the number of tests
to optimize the characteristics of a process is minimized.
This technique is used frequently in several industries,
since a few years also in the semiconductor industry.

US plasma etch equipment manufacturers rely heavily on
statistical design of experiments to develop etch processes
on their equipment or for finetuning existing processes, e.q.
to specific layers [38,39].

To obtain the parameter set for the optimal process or to
study mechanisms of a certain process, a number of tests have
to be performed. It isg very important to choose the
parameter settings of these tests wisely as to obtain
significant results with as few test uns as possible. Each
extra etch test is expensive in the plasma etch business asg
both machine time and wafer preparation are expensive,

If a completely new process has to be developed and very
little is known about it, first tests are typically performed
to screen a probably useful parameter range. Most often a
parameter matrix is set up. E.g. for a process with 3
variable parameters, such as gas flow, pressure and power for
a piasma etching, typically 3 numerical values per parameter
are determined and 3 x 3 x 3 = 27 tests are performed.
However, by carefully determining the test points and
applying a mathematical analysis on the test results, the
same ( or nearly the same ) information can be obtained by
less tests, e.g. only 18 tests are necessary for the example

above if a quadratic model is found adequate. ( The number
of tests is determined by the number of parameters and the
used model.) The final result is often given in the form of

a formila where the result { €.g9. an etch rate ) is given as
a sum of linear terms of the variable parameters, sometimes
0f guadratic terms or even terms of higher orders. The
higher the order of the model, the better the agreement
between model and process, but the higher the number of
tests. Therefore a compromise has to be made. One of the
drawbacks of statistical design of experiments is that one
does not know before which order will give the besgt
compromise.,

Another big drawback of statistical design of experiments is
that the analysis of the data can be wrong. Even steep
decreases in the process results outside the optimal point
region can lead to wrong optimization.

As for these studies the Response Surface Method (RSM) method
was used, we shall dwell somewhat more on it.

The RSM method combines an experimental strategy to determine

the complete test set with data analysis to generate an
empirical equation which represents the results { in this
context the test results are called : the reponses )} of the
process. The method can be applied to whatever type of
process as long as the responses can be quantified and behave
as a continuous function and as the parameters { often called
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factors here ) can be manipulated independently of one
another.

have to be avoided, because of their instable nature. In
general, in the regions of interest the regsponses should
behave as continuous, smooth functions to be represented by
polynomial functions [39-417.

The design of an experiment to obtain the surface of the
response is a fractional factorial design with three or more
levels for each factor.

Most often a quadratic model is used : this model has the
general form :

f f-1 f £
Y =Dby + XbiX; + % ¥ Dij XiXy + L biix32  (§>i)  (25)
i=1 i=1 =2 i=1

in which

Y : the response

Xj : the parameters of the process

bix : the coefficients of the polynomial
i the total number of factors.

Figure 2 : Geometric Representation of Box-Behnken design
{39]

These designs have repetitions of the central point to
estimate the experimental error.
The coefficients biyx are determined by the method of the

minimal squares.
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The validity of the model can be verified by evaluating the
correlation factor Rr<2 and/or performing an analysis of
variances.

The correlation factor r2 is determined ag follows
R2 =X (Yei ~v )2 /L (y4-vy)2 (26)

with y the average value, Yei the calculated result and Vi
the experimental result, therefore ¢ < RZ ¢ 1.

As explained in ref [40] the nearer R2 approximates to 1, the
better the model.

Analysis of variances gives a statistical indication if the
difference between the observed value and the calculated
value ( of the fitted model ) is caused by the experimental
Brror or by a lack of fit of the model. The experimental
error can be estimated through repetition of experiments for
a certain parameter set. The differences between the results
of these repeated tests result in a distribution { with an
average and a standard deviation ) of the experimental error.
The error induced by the lack of fit can be calculated in the
following way. One has to perform more tests than strictly
necessary to determine the coefficients bi of the equation of
the model. The remaining test results can be used to
calculate the average and the standard deviation of the
difference between model and process.

To determine if a model is valid, the distribution of the
differences between model and experiment is compared with the
distribution of the experimental error. 1In this way one can
predict with a certain probability if the error induced by
the lack of fit is larger or smaller than the experimental
error. A larger error induced by the lack of fit, indicates
that the model is not adequate.

Cne must be very cautioug with these results: one should also
verify if the repeated test results show good reproducibility
or bad reproducibility.

& first case happens when the results of the repeated tests
are very similar, e.g. for plasma processes with differences
<1 %. Reproducibility of etch rates is typically + 5 %. TIf
€.g. an experimental result differs 3 % from the result of
the fit, this error is probably an experimental error, not a
lack of fit. However, because of the small difference for
the repeated test, analysis of wvariances will probably
indicate a lack of fit. The inverse can also happen : in
this case the repeated test results have big differences,
€.g. > 5 %. It is then well possible that the analysis of
variances indicates that the fit 1is good, though in reality
it is not so good. When one has doubt about the result of
the analysis of variances, an extra reproducibility test can
be performed to give more information.

Most commercially available programmes deliver the worksheet
to perform the test set. After entering the test results the
programme delivers the function, an analysis of variances,
the correlation factor and graphical representations of the
function.
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One should distinguish between finetuning of a process and
the development of a new process.

In the first case the parameter range to be optimized ig
quite small and immediately outside this small parameter
range the behaviour of the process is already known. Only
small excursions around a central pecint will be made. In
this case a linear model is in general adequate. The Taguchi
method is often the best technique for these cases [42,43).
In the second case, one starts in general with a screening
test of a wide parameter range. Besides, the behaviour of
the process is not known, or in the best case only general
trends can be assumed. In this case the Response Surface
Method (RSM) is often the most adequate technigue. The
results must always be evaluated critically, as already
indicated above on the topic of analysis of variances.,

6) Tungsten plug etching, a special application.

The most common application of tungsten etching is the back
etching to form plugs in the via holes. The deposition of
the tungsten is well reported in literature, while etching
not as much. Some reports, mainly in cooperation with
equipment manufacturers, describe the used processes and the
problem of microloading. [44-46]

Fig. 3 shows the purpose of the etching. A tungsten layer is
deposited in the via holes and on top of the insulating oxide
to form a planar layer. This layer has to be etched back so
that only the plugs in the via holes remain.

To obtain a good plug process, it is necessary to have a
uniformly deposited tungsten layer on top of a glue layer,
often TiW or TiN. It is not within the spectrum of this work
to discuss this part of the processing.

The etch process must have the following characteristics:

- Good uniformity.

- Good selectivity towards oxide or glue layer.

- Good endpoint detection.

- No problems with microloading.

It is quite easy to develop processes which have the first
three characteristics, but with enormous problems with the
fourth.

The problem of the micrcloading is the following: at the
moment the tungsten - oxide ( or tungsten - glue layer )
interface is reached, the area of material which is rapidly
etched away by the process decreases dramatically: from 100%
to a few % of the area. For most processes the concentration
of the free fluorine ( or halogen ) remains the same, but as
there is much less free area, the vertical etch rate will
increase considerably ( while in fact, the number of removed
tungsten atoms per second will decrease ). The small tungsten
plugs etch at much higher etch rates than the blanket
tungsten layer. For some processes it occurs that the
tungsten is already completely removed from the plugs in one
region, while in another region the blanket tungsten hag not
been removed complietely, even for processes with good
uniformities of deposition and etching [44].
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The solution 1s in general to use plasmas which etch more

physically than chemically

the influence of the ion

Traditionally the F line at 704 nm is used

Often an additional gas such as argon is used to increase the

ion bombardment factor [46]. Good endpoint detection is

Therefore in general RIE plasmas are used and not PE plasmas.
always necessary.

to determine when the tungsten blanket layer has been

bombardment is the same on large as on small areas [45].
removed.

A new technigque to obtain tungsten plugs without using

“chemical etching*,

is wafer polishing, as described in

[47,48].
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Appendix II : Etch Processes in the SWAFER.

Introduction,

The use of tungsten as material in Integrated Circuit
fabrication is becoming more and more important. The main
application at the moment is the use of tungsten plugs. To
obtain these structures, in general an etch back step is
used, as explained in appendix I. Another potential
application is tungsten as interconnect or gate material.
One of the problems is the relatively low selectivity of
tungsten to resist for anisotropic processes.

In the SWAFER anisotropic profiles were obtained for
polysilicon, with good selectivities towards silicon dioxide
and resist. Therefore, it was only natural to try to obtain
a process with vertical tungsten walls and good selectivity
towards resist ({ and towards oxide ).

As tungsten back etching is the most applied etching of
tungsten, a process for this application was developed.
During these developments, several phenomena were observed
and studied to model the plasma etching of tungsten and to
reduce the contradictions found in the literature, as
reported in appendix I.

1) Ecquipment.

A schematic drawing of the SWAFER is shown in fig. 1. Etch
processes were performed in three versions of this equipment :
a manually loaded system and two automatically loaded
systems.

The special characteristic of this equipment is the applied
power. Power is applied at 25 kHz, it is an audio-frequency
(AF) plasma that is formed, and not a radio-frequency (RF)
plasma, typically at 13.56 MHz, which is used in most etch
eguipment.

Power can be applied at both electrodes, while leaving the
other electrode floating or grounded. It is even possible to
apply power simultaneously at both electrodes in a controlled
rate.

The matching network of this system is extremely simple: a
transformer with several taps is placed between the generator
and the blocking capacitor. The optimum tap was found by
maximizing the load power to forward power ratio. The
impedance of the plasmas turned out to be in the range of
1060 to 1600 Ohm.

The lower electrode is formed by a central aluminium disc,
with a carbon ring around it. When a wafer isg placed on the

electrode, it rests only on the aluminium part, covering it
completely, sc¢ the plasma will not sputter aluminium away
from the lower electrode. There is no contact between the
carbon ring and the wafer.

The temperature of the lower electrode can be controlled.
Unless mentioned otherwise, the temperature of the coolant is
15°C.
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Figure 1 : Schematic Grawing of the SWAFER.

Both DC and AC voltages are constantly monitored on the
powered electrode. For these tests only two etch modes were
investigated: Reactive Ion Etch (RIE) mode, when the lower
electrode is powered and the upper grounded and Plasma Float
(PF) mode, when the upper electrode is powered and the lower
electrode is left floating.

The use of 25 kHz is not very common, There are not much
investigations done for these plasmas.

The main drawback is that the plasma is not a continuous
plasma: it is extinguished each time the AC voltage crosses
the zero volt level. So, in a certain way it can be
considered an intermittent DC plasma. While an RF plasma is
mainly a capacitive plasma, an AF plasma is mainly resistive.
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As a consequence, coupling through highly resistive (e.q.
non conducting ) samples is very difficult, Therefore one

The main advantage is that the energy of the ions will also
be enhanced by the AC voltages, not only by the DC bias
voltage. Therefore also negative ions can play an important
role in these etchings. This explains the high etch rates of
polymers in Oxygen plasmas in these eguipment. In RIE mode,
this enhanced bombardment has 3 main consequences on the
process characteristics :; the profiles are vertical, but the
etch rates of oxide and photoresist are rather high (1},
resulting in low Seiectivities.

Radiation damage is expected to be higher than in RF systems,
but CV measurements done on devices etched in the SWAFER
showed none of this, The influence of plasmas on radiation
damage is not very clear. A new theory says that the enerygy
of the incoming ions is not the most important cause of
radiation damage, but rather the current of the incoming
electrons [2]. Thisg explainsg why in Magnetically Enhanced
systems, the radiation damage is much higher. For most
practical purposes the radiation damage is not very important
because in the processing of an integrated circuit, etch
steps are always followed by high temperature steps : the
sintering step being often the last step in an IC production
process.

Another advantage of aF plasmas is the use of a simple
transformer as matching network. The plasma impedance of ar
plasmas does not change much with the process parameters,
only the etch mode has considerable influence. Therefore, a
fixed transformation value can be chosen for each etch mode,
no other changes are necessary. So only a few taps on the
transformer must be accessible, no continous change is
needed, unlike the continuous change of the capacitances in
RF plasma matching networks.

2) Btch tests on other films.

The eguipment has been developed for etching of polymer,
silicon nitride and polysilicon films.

As the etch mechanisms of tungsten and polysilicon etching
are quite similar, as reported in the literature [3-15], data
from polysilicon etching are also important for tungsten
etching.

The investigated parameter range is: gases - SFg and NF3, and
several mixtures with O2, 10 - 200 sccem total gas flow,
pressure : 100 - 200 mTorr, Power : 50 - 150 W, etch modes
RIE and PF.

The following characteristics were investigated: polysilicon
etch rate, selectivity of polysilicon towards photoresist,
selectivity of polysilicon towards oxide, wall profile.
General trends are the following.

In RIE mode, the etch rate has a maximum at an intermediate
oxygen flow. When etching with pure SFg, the etching has an
inverse Bull's €ye non-uniformity ( etch rate higher in the
center of the wafer than at the border ), when adding oxygen
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the non-uniformity is of the Bull's eye type ( etch rate at
the center lower than at the border ).

Selectivities towards photoresist are of the order of 1:1 and
decreasing with increasing oxygen flow.

Selectivities towards thermal oxide are of the order of
2.5:1.

The etch rate of a NF3-0O2 plasma is in general 50% higher
than that of a SFg-0, plasma.

The wall profile is anisotropic.

In PF mode, a maximum of the etch rate exists at an
intermediate oxygen flow. The maximum selectivity towards
oxide is also around this maximum and is Of the order 30:1.
Selectivities towards photoresist are also extremely high,
often more than 50:1 and increase with increasing pressure.
The etch profile is purely isotropic.

From these tests it is clear that in RIE mode, pelysilicon
etching is considerably ion bombardment enhanced, while in PF
mode, the etching is chemical.

Polysilicon etch tests were performed in the Same parameter
range as for the tungsten etchings described below, both for
SFg-Op and NF3-Op mixtures. In this way the etch rates can
be compared, the type of non-uniformity and the mechanisms of
the model as proposed in appendix I can be controlled.
Results and discussion are reported in appendix V.

3) Etch tests on tungsten films.

For these tests tungsten films deposited in four different
equipment were used: 3 CVD equipment ( of different
manufacturers ) 1 sputtering equipment. Wafer preparation
was also different:

For the first CVD equipment, tests were performed on 12% mm
(100) wafers which received the following treatment:

- deposition of 500 nm of PECVD oxide

- sputter deposition of 150 nm of TiW

- CVD deposition of 1000 nm of tungsten: the tungsten was
deposited at 420°C, its density is 19.35 kg/dm3 and its
resistivity is 10 pOhmcm;

- etching of the back side of the wafer to remove the
tungsten.

When distinction is necessary, this tungsten will be called
Wr;

- patterning with Shipley 1713 photoresist, using a wafer
stepper, followed by a 30 minutes 95°C post bake.

Specific processes, such as DUV hardening, were added for
some samples and will be mentioned when used.

For the second CVD equipment tests were performed on 125 mm
(100} wafers which received the following treatment:

- thermal oxidation of 190 nm of oxide;

- sputter deposition of €0 nm of TiN;

- CVD deposition of 1000 nm of W : deposition temperature
445°C, the density of the W is 16 kg/dm?, the resistivity is
1ouChment.



When distinction is necessary, this tungsten will be called
Wrr. The deposition proved not to be very reproducible
thicknesses between 1000 nm and 1100 nm were measured;

- lithography process: JSR i-line IX resist was patterned
by a projection printer eXposure system, with light field
mask with 5% coverage. A 1 minute 95°C hot plate postbake
was applied. The main difference with the former
lithography process is that the resist walls are not very
steep in this case, an angle of typically 75° is obtained.
Two series were prepared: 1 with 1.1 pum thickness, which
is used for most processes, and 1 with 1.4 um thickness.

For the third CVD equipment tests were performed on 125 mm
(100) wafers which received the following treatment:

- thermal oxidation of 190 nm of oxide;

- sputter deposition of 100 nm of Ti,

- sputter deposition of 80 nm of TilN;

- CVD deposition of 1000 nm of W; the deposition of W ocurred
at 425°C, the density of the W ig 19.35 kg/dm3, the
resistivity is 10uChmcm.

When distinction is necessary, this tungsten will be called
Wrrri:

- lithography process: 1.1 pum of JSR i-line T¥X resigt was
patterned by a projection printer exposure system. A 1
minute 95°C hot plate postbake was applied. There has

also been an edge bead removal: therefore, very little
resist remains at the border of the wafer.

For the sputtered tungsten, tests were performed on 125 mm
{100} wafers, which received the following treatment:

- thermal oxidation;

~ sputter deposition of 150 nm of TiW;:

- sputter deposition of 200 nm of W;

- patterning with Shipley 1713 photoresist, using a wafer
stepper, followed by a 30 minutes 95°C post bake.

The following descum process was used for some wafers:
equipment : magnetron enhanced etcher MRC MTE 720, oxygen
flow : 40 sccm, what results in a pressure of approximately 5
mTorr, RF power: 500 W, time : 10 seconds.

Stripping of the wafers after etching was in general done in
an Emergent Technologies NORD afterglow plasma stripping
equipment.. Gas used: only oxygen, flow : 1000 scom,
bressure: 1 Torr, microwave power : 900 W, temperature
250°C, time: endpoint + 20% overetch time.

For some tests the SWAFER itself was used as a stripper.

To determine the etch rates of tungsten (ry) and

photoresist (rpp), step heights were measured before
etching, after etching and after stripping of the resist.
A SLOAN DEKTAK II was used to determine the step heights,
For the wafers patterned with a wafer stepper { wafers of
tungsten type Wy } the step heights were always measured
at the same structure : the second line of an array of 15
um line-spaces. In this way the possible error induced by
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the influence of "internal loading effects" { the
dependence of etch rate on the line-space dimensions of
the pattern) was avoided. For wafers patterned with the
projection printer (wafers of tungsten type Wyr and Wirt),

we used a large square of 150 um by 150 um for step height
Measurement as shown in fig, 2,
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Figure 2 : Step height meter profiles, after levelling;
determination of height of bottomline (a) and top {(b).
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After levelling, the average height outside the square isg
automatically measured as shown in fig. 2.a, then the
averaged height inside the sSquare is measured as shown in
fig. 2.b and then the difference between both values is
calculated. 1In this way, the surface roughness influence
is decreased very much, decreasing the error of the
Measurement to less than 10 nm. By measuring twice at
each point, we assume that the final error will be less

There are two ways Lo determine the etch rate of the W of
a4 non patterned wafer:
1) by the difference of weight dw of the wafer,

Aw = wy - wy = p Ayt =>ry= {(w - wal DA/ t
with wy, Wz : weight of the wafer repectively before and

after etching; a microbalance with regolution of 0.0001 g
was used to weigh the wafers,

p : density of the tungsten,
For W of the Wr and Wiy type wafers . P = 19.35 kg/dm3,
for W of the Wt type wafers p = 16.0 kg/dm3

A : area of 125 mm wafer = 123 cm?, t : etch time,

2) by the difference in sheath resistance of the layer.
With a four point measurement probe, it is possible to
measure the sheath resistance of a layer.

Rsq = Rgp / t3

with qu : the sheath resistance of the layer, which is
measured;

t1 = thickness of the layer,

Rgp 1s the resistivity of the material. For our tests a
value of 10 uChmem was used, based on data furnished by
the eguipment manufacturers and by measurements performed
together with researchers at IMEC.
Therefore

'y = [Rsp { l/qul - l/qu2 )1/t
with t the etch time.

On the contrary of the density, the resistance of a thin
film is quite different from the bulk resistivity. It ig
dependent on the deposition equipment and process and can
even change within the f£ilm. Therefore one has to be
careful in using this measurement methode.

A 4 point Spreading resistance Measurement probe, with
automatic wafermapping was used. Test diameter was 115
mm, with 45 test points. The system itself calculates the
average value of Rsq, excluding values which differ more

than 3 0 from the average ( these were mainly values at

the border of the wafer ). This average value was used to
calculate the average etch rates, as they are reported
further on in this report. For the calculation of the
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uniformities of the processes, the values which differed
more than 3 0 were not excluded.

The definition of the uniformity (U) of the etch rate of a
certain film is the following : lowest etch rate measured on
the wafer divided by the highest etch rate measured on the
wafer.

The selectivity of the etching of one film to another film is
defined by the ratio of the average etch rate of the first
film, in our case always tungsten, to the etch rate of the
second film, most often photoresist or oxide.

3.1) Processes with SFg-0» mixtures

As no tungsten etching in a 25 kuz plasma was reported, the
first tests served to obtain data to verify if the proposed
mechanisms of formation of WFg and WOF,; for 13.56 MHz

plasmas, as described in appendix I and refs [3,6-9], are
also valid for this equipment. These data will be analvysed
and discussed in appendix V. At the same time the
possibility of an anisctropic process with good resist
selectivity was investigated to obtain an etching with
vertical walls. It is alsoc important to determine if the
reproducibility of tungsten etchings in this equipment is
good enough and if preliminary processes influence the etch
rate. As in the literature the influence of an oxide is
reported to inhibit the etching [16], this must be
investigated. All tests were performed on Wi type wafers.

3.1.1) Determination of etch rates, uniformities and
selectivities in RIE mode.

Some waferg suffered an oxygen plasma descum process as
described above.

some wafers received a DUV curing step, standard IMEC
procedure, followed by a hard bake of 140°C, 30 minutes. As
the wafers had received already a post bake step of 95°C, 30
minutes, the DUV step step will be less efficient to increase
the resist resistance for these wafers than for wafers which
did not receive a post bake step before DUV curing.

As the resist covered the outer 10 mm of the wafers, step
height measurements were done only at 2 points at
approximately 12 mm from the eage of the wafer and in the
center of the wafer. Therefore the uniformity of the
tungsten etch rate (U) and the photoresist etch rate {Upg)
given below is only valid as an indication, not as the exact
value,

The values for the etch rates are the averages of the etch
rates at these three points, expressed in nm/min.

The grains of the CVD deposited tungsten are large,
therefore, the surface is rather rough. This makes step
height measurements difficult and less accurate. For wafers
of the Wy type, the estimated error of step height

measurements at these surfaces is + 20 nm. ¥For etch tests
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with 2 minutes duration, the error on the tungsten etch rate
is + 10 nm/min, and on the resist etch rate + 30 nm/min.
These are large errors, which accumulate when determining the
uniformity. Also for this reason, the values of the

uniformities as mentioned below must be considered as
gualitative.

The first tests were all done at 150 mfory, pressure used for
optimal polysilicon processes, 50W AF power in RIE mode,
during 2 minutes. Total flow is always 100 scem.

The results of these tests, with their process conditions,
are shown in table T:

Table I: results of tests to determine etch rates, uniformity
and selectivity for SFg-0O; mixtures in RIE mode.

Regist Test 8Fg flow Co flow T'w u Tpg Upp 8
treatment series [scom) Iscom] inm/min Inm/min]

A I 100 0 146 0.8% 115 0.75  1.20
B T 100 0 140 0,79 133 0.81 1.0%
o I 100 0 142 0.%7 132 0.66  1.10
D 1 100 0 130 0.79 125 0.87 1.04
A 171 100 0 124 0.83 101 1.10
A III 100 a0 119 0.82 137 0.87
b I17 100 0 104 116 0.%0
E III* 100 0 120 G.E2 0 118 1.02
A I 75 25 157 ¢.75 175 0.69 0.50
yY II 75 25 157 0.71

A I 70 3n 171 0,77 1%9 0.94 0.86
A II 60 40 168 G.8C 180 0.83
A I 50 50 190 0.88 253 0.88 0.7%
C I 50 50 185 079 251 0.87 0.74
D I 50 50 174 0,75 1851 0.84  1.20
A il 50 50 177 0.84 199 0.7¢9
A II 40 60 168 U.6% 235 0.66
A I 25 50 166 0.78 323 0.81 ©.50
A II 25 s 155 0.8% 288 0.49
Where :

A : the standard resist treatment, as descibed above;

B : the standard resist treatment with an extra descum step

just before etching;

C : the standard resist treatment with an extra DUV curing
step just before etching;

D : the standard resist treatment with extra DUV curing step
and descum step just before etching.

E : the standard resist treatment, without post bake,
followed by DUV curing and post bake of 30 minutes at 140°C.

The influence of the oxygen content on the etch rate for
wafers of the first test series (I) with standard resist
treatment is shown in fig. 3.
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Figure 3 : Tungsten etch rate as a function of oxygen flow
for SFg-0p mixtures in RIE mode, series I,

The nonuniformity of the tungsten etching is always in the
form of a Bull's eye.

These tests show firstly that there is no influence of the
preliminary processes of plasma flashing and DUV curing on
the etch rates and secondly that the reproducibility of the
etchings is good. The differences in etch rate between the
equal processes are always within the estimated error, as
calculated above. Only for the test with 50 sccm SFg and 50
sccm Op, treatment D, test series I, the resist etch rate is

much lower than for other processes. Other tests showed that
this result was not reproducible ( see below 3.1.2 ).

We must remark that the fact that DUV curing has no effect on
the resist etch rate in these experiments, is not conclusive
as it has to be performed before any post bake.

But we can certainly conclude that the plasma flash does not
form a tungsten oxide layer which could inhibit the etching,
at least in this etch mode and for these processes.

The tungsten etch rate as a function of the oxygen content
behaves in the same way as for 13.56 MHz plasmas. { FPurther
tests Lo confirm this statement were done later and ar-
reported below. )

For test series II, process and measurement procedures are
the same as for test series I, only the etch rate of the
photoresist was measured only in the center of the wafer as
earlier processes showed that selectivity was lowest at that
location. ( Therefore it is normal that in this table the
indicated § is lower than the average tungsten etch rate
divided by the resist etch rate in the center, as etch
tungsten etch rate in the center is lower than in the rest of
the wafer.)
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The tungsten etch rate as a function of Oz flow for test
series II is shown in fig. 4.
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Figure 4 : Tungsten etch rate and Ip/Ipy ratio as a function
of oxygen flow for SFg-0Os mixtures in RIE mode, series II.

In comparison with the results of test series I, the absolute
etch rates are lower. The W etch rates decrease continuously
in time, from run to run, albeit at a very glow rate. We
think that a passivation effect occurs which has as a
consequence a decrease in etch rates. But the results of the
selectivity tungsten to resist are surprisingly
corresponding. In this way the reproducibility of these
etchings is good.

At the same time actinometry meassurements were performed:
the monitored emission lines were : 704 nm for F and 697 nm
for Ar. The Ig/Ipn, ratio is also shown in fig. 5. The
intensity of the spectrum is very low, the signal to noise
ratio of the spectral lines is therefore also rather bad.
But even so, one can observe that the Ip/Ipy ratio does not
behave at all as the etch rate. It has been reported [17]
that actinometry can for some systems not be applied at low
frequency plasmas. It is our belief that this ig also the
case for this system and these plasmas. No further
actinometry measurements were done on the SWAFER. This does
not mean that emission spectroscopy can not be used as an
endpoint monitoring technigue in this equipment as shown
further on in this appendix.

For test series III the lithography process was different:

standard patterning with Shipley 1713 photoresist, except
post bake.
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Split the lot in 2 groups:

" group l: receives the standard post bake of gsoc during 30
minutes.

- group 2 receives a DUV curing and a postbake of 140°C
during 30 minutes.

In these tests the influence of the DUV curing and extra hard
bake step was investigated., The results are shown in table
I. For the test marked with ITII*, the etch time was 4
minutes, instead of the normal 2 minutes.

The main conclusion ig that DUV curing does not have much
influence on the selectivity, During the preliminary
investigations on polysilicon etching, the same conclusion
had been drawn. Therefore, DUV curing has been discarted as
a solution for increasing selectivity in this etch eguipment .

3.1.2) Tests determining the tungsten wall profile in RIE
mode,

Once the etch rates of several processes are determined, it
18 possible to investigate the profile of the etched tungsten
walls.

The following tests used the same parameters as above: 150
mTorr pressure and 50 W AF power in RIE mode. Table IT shows
the additional process conditions for thege wafers,

Table II : Process conditions for tests for the determination
of the wall profile.

wafer 8Fg flow O flow time
nr [scom] [scom]

1 100 0 5

2 100 G 6r4nm
3 TG 30 4+300
4 50 50 5F30"

All wafers showed profiles with angles well over 80 degrees.
No undercut was observed, alsc not of the TiW, when it was
removed. Linewidth loss ig always lessg than 0.2 um.

The specific results of these etchings are:

Wafer 1 (fig. 5): at the edge of the wafer the tungsten was
completely removed. 1In the center the remaining tungsten has
& rough surface. It is also possible to see the interface
between the tungsten and the photoresist at the cleaved
lines. The roughness of this interface, which is the
original roughness of the deposited tungsten film is the same
as the roughness of the etched film. BAs expected of an
anisotropic etching, it does not smooth the film.

Wafer 2 (fig. 6): the tungsten is removed ail over the wafer,
remainders of the thicker tungsten grains still cover
approximately 5% of the PEOX surface in the center of the
wafer. An extra step of 1'30"removed all remaining tungsten.
All the resist was also removed. As the selectivity towards
the resist is around 1:1, the process is expected to
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planarize well the surface of the tungsten lines: this is
also what is observed: the surface of the tungsten lines is
flat and smooth.

Figure 5 : Tungsten surface and wall profile for partial
etching with a pure SFg plasma.

Figure 6 : Tungsten structures upon a PECVD oxide for
complete etching with a pure SFg plasma.
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The tungsten to PECVD oxide selectivity proves to be rather
low: therefore the surface roughness of the tungsten film is
transferred, though less pronounced in the underlying oxide.
Comparing roughness in the original tungsten film and now in
the PECVD oxide film, a selectivity of 2:1 can be estimated.
One can observe that a slight negative angle is formed in the
tungsten with this etch process.

wWafer 3 (fig. 7): the etching through the tungsten is not
complete: a rough surface, very similar to wafer 1 remains.
Ag could be expected from the lower resist selectivity of
this process, more photoresist has been removed.

Figure 7 : Tungsten surface and wall profile for partial
etching with a SFg - 30% O plasma.

Wafer 4 (fig. 8): the etching through the tungsten is not
complete: a rough surface as for wafers 1 and 3 is observed.
At the edge of the wafer, the tungsten has nearly been
cleared completely. BRBecause of the high resist etch rate,
the resist has been removed completely.

The resulting lines have vertical walls, very close to 90
degrees and the surface is gquite smooth, though a little bit
less than wafer 2: the 100% SFg process has a selectivity
towards photoresist much closer to 1 than the 50% SFg - 50%
O, process.

These results show that it is possible to obtain an
anisotropic etching with SFg based mixtures, even with a 100%

SFg plasma. This shows that it is not necessary to form a

tungsten oxide as a protective layer against undercut at the
sidewalls. As we knew already that SFg based plasmas etch

polysilicon anisotropically in this egquipment and tungsten is
considered to etch more easily in an anisotropic way than
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polysilicon, this result is not surprising. On the other
hand, it is different from the results reported at 13.56 Mz
[5]. It is clear that with this 25 kHz plasmas the ion
bombardment factor is much more important than in 13.56 MHz
systems. The ion bombardment enhances the etch rate so much
that no undercut is cobserved.

Figure 8 : Tungsten surface and wall profile for partial
etching with a SFg - 50% 05 plasma.

For the use of tungsten ag metal 1, there is a fundamental
problem with the photoresist erosion during the etching. As
photoresist thickness is of the same order of magnitude as
the tungsten thickness, the selectivity of the process has to
be higher than 1. In practical applications, because of
topography in the underlying layers, it has to be higher than
2. This value could not be reached with the etch processes
and photoresist processes used until now. As neither a DUV
curing step did help to increase the selectivity of the
tungsten to the resist, this is a serious problem. It means
that another type of mask, or a thicker resist layer has to
be used to obtain vertical wall profiles in 1 um thick
tungsten layers over topography.

However these processes can be used for the etching of
tungsten gates, for which the thickness is typically 0.5 um.

3.1.3) Etch tests in PF mode.

The following process was performed : 50 sccm SFg, 25 scem
0o, pressure : 200 mTorr, power : 50W in PF mode, time: 4
minutes.
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The etch rate is less than 7.5 nm/min all over the wafer. It
was very hard to measure the step heights of the grooves, as
they were of the same order of magnitude as the grain size.
Therefore, this result is not very accurate. The main
conclusion is that the etch rate of tungsten in PF with SFg
gas is very low.

After having obtained several results with NF3-Oy plasmas in
PF mode, a new test was done with an SFg-0n plasma in the
second SWAFER. The power was increased to 150W, leaving the
other etch parameters the same. There was no resist on the
wafer.

Process: 50 sccm of SFg, 25 scom of 05, pressure: 200 mTorr,
power: 150W in PF mode.

1) Time : approximately 2 minutes

2} Extra 4 minutes etching

3} Extra 10 minutes etching

Between the processes, the wafer was measured with an
automatic 4 point resistance probe. These measurements
indicate a constant etch rate of approximately 30 nm/min.
(For the NF3-0Op process with 50W in PF mode, the etch rate is
40 nm/min in the second SWAFER equipment.)

3.2) Processes using NFy - Op mixtures in RIE mode.

3.2.1) Determination of etch rates, uniformities and
selectivities in RIE mode,

The same Wy type of wafers were used as in test series I and
test series IT with SFg-0s mixtures and also the same

measurement procedures were used. Pressure was always 150
mTorr, AF power 50 W and etch time 2 minutes. The results
are shown in table III.

Table III: Results of tests to determine etch rates,
uniformity and selectivity for NF3-0O, mixtures in RIE mode,

for tungsten of the Wr type, in the manual SWAFER.

NF3 Flow 02 flow fw 19 IPR S
Iscom] [accom] Inm/min] nm/min?

100 o 252 Q.88 299 0.85%
75 25 262 0.89 g4 0.72
5 50 247 0.87 380 .65
25 A 141 0.80

The influence of the oxygen content on the etch rate is shown
in fig. 9.

The etch rate of NFy is much higher than the etch rate of
SFg. This can be explained by the fact that the dissociation
of the NF3, molecule into free fluorine atoms is much faster
than of the SFg molecule ( see appendix I ). Fig. 9 shows

also clearly that the effect of the oxygen content is guite
different than for SFg. As NFy dissociates more easily, the

effect of the oxygen addition is certainly much less. It
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could be very well possible that because of the higher
fluorine generation in NF3 plasmas, the fluorine generation

18 not anymore the etch rate limiting mechanism. This will
be discussed in more detail in appendix V.

fnm/min]
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efch rate
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Oxygen flow as percentage of total flow

Figure 9 : Tungsten etch rate a function of oxygen flow for
NF3-0Op mixtures in RIE mode, for tungsten of the Wr type, in

the manual SWAFER.

Only in the RIE mode, the addition of oxygen does not
dramatically increase the free fluorine concentration.

At higher oxygen contents, the dilution effect has its effect
and decreases the etch rate.

The etch rate limiting mechanisms are described in appendix
Vv, section 2.2.2.2.

The etch rate of the photoresist is much higher in these
plasmas than for SFg plasmas, it increases more than the
tungsten etch rate, therefore the selectivity of tungsten to
photoresist drops with more than 20%. Thig can be explained
by the increase of the AC voltages. The AC voltages as a
function of oxygen content are shown for both SFg and NF 4
plasmas in fig. 10. For NF5, more oxygen addition decreases
the AC voltages and also the difference between AC voltages
generated by NF, and SFg plasmas. The difference in the
selectivity between the two gases decreases in the same way
as the difference between the AC voltages. This indicates
that the AC voltages are also a factor for resist erosion.
The main factor which determines the resist etch rate, is of
course the oxygen content: oxygen will chemically remove the
photoresist through the reactiocns [2C]:

cC+ 0 ->»C0

Co + O -> COy
2 H+ 0 -y HyO
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Figure 10 : AC voltages of plasmas of mixtures of oxygen with
NF3 and SFg as a function of oxygen flow.

The following tests were performed to determine the etch
characteristice of tungsten of type Wrt. etched in the second

automatic SWAFER machine. The results are shown in table IV,
Etch rate are always these at the center of the wafer.

Table IV: results of tests to determine etch rates,
uniformity and selectivity for NF3-0p mixtures in RIE mode,

for tungsten of the Wrr type, in the second automatic SWAFER.,

Test NFy O ress. Pow., Time 1y U Tpn 8 Waler
nr. flow flow type
[sceom] [scem] [mTorr) [wW) fnm/min]l Inm/min]
1 125 0 150 8¢ 2 206 0.86 241 0.86 W:-
z 105 20 150 50 2! 203 0.81 260 0.78 Wys
3 85 40 150 50 2! 220 0.85 387 0.57 W
4 8% 40 200 50 2! 210 0.77 312 0.67 Wg.
5 85 490 200 50 a2t 205 0,78 Wy
£ 125 0 150 100 1t 320 0.87 477 0,67 Wyo
7 125 0 180 15¢ it 387 C.88 10020 0.39 We-

The influence of oxygen content on etch rate is shown in fig,

11 for a constant pressure of 150 mTorr and a constant power
of 50 W. The influence of power on etch rate is shown in
fig. 12, for a constant flow of 125 sccm of NF3 and pressure

of 150 mtorr.
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Figure 11 : Tungsten etch rate as a function of oxvgen flow
for NFz-Op mixtures in RIE mode, for tungsten of the Wit

type, in the second automatic SWAFER.
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Figure 12 : Tungsten etch rate as a function of power for
HF3-02 mixtures in RIE mode, for tungsten of the Wir type, in

the second automatic SWAFER.
Conclusions:

These tests show that the tendencies are the same as with
former systems and type of tungsten layver Wy : the addition
of oxygen increases only slightly the tungsten etch rate,
while the resist etch rate increases considerably. 'The
uniformity of the tungsten etching is very good within the
central 100 mm of the wafers, but decreases in the outer 12
mm. Non-uniformity is always of the bullr's eye type. Etch
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rates are always measured halfway the center and the border,
but they are very similar to the etch rate at the center of
the wafer.

An increase of pressure does not change the average etch
rate, but decreases the uniformity and increases the
selectivity, as expected.

Tungsten etch rate increases with power, but not at all
linearly. The resist etch rate increases linearly with
power, therefore the selectivity is best at low power.

The wafer of test 6 was etched again after stripping, with
the same process for another minute. The step heights
remained the same, within an error of 5 nm. This indicates
that the etch rate of the process is independent of the
former treatment ( unlike processes in PF mode, as will be
described below ).

Tests 4 and 5 show that the etch rate of tungsten types Wt

and Wyr are approximately the same, with W1 etching slightly
slower than Wrry.

3.2.2) Determination of wall profiles.

NO tests were performed on wafers of the type Wy.
A test was done with a wafer of type Wyp, with a 1.4 um thick

resist on top, patterned as described above.
The process used was : flows: 125 NFs; pressure : 150 mTorr;

power : 50 W, total etch time 5 minutes.

End point could be detected after 4'15" by a slight decrease
of {(the absolute value of ) DC and AC voltages.

The TiN layer underneath the tungsten was completely removed
and measurements of the PECVD oxide ( with a Leitz MVP
optical layer thickness measuring system )} showed that in the
center 32 nm and at the border 66 nm was removed.

SEM analysis shows that no undercut occurs. The tungsten
wall is not vertical because of the resist ercosion ( and the
poor wall profile of the resist ).

3.3} Processes using NF; - O mixtures in PF mode.

3.3.1) Determination of etch rates, uniformities and
selectivities in PF mode.

The same wafers were used ags in test series I and test geries
IT with SFg-0p mixtures and also the same measurement

procedures were used. Pressure was always 200 mTorr, AF
power 50W and etch time 2 minutes. The results are ghown in
table V; in this table ry is the average etch rate.

The tungsten etch rate as a function of Op flow is shown in

fig. 13. For these processes, the etch rates follow the
general trends as explained in appendix I.
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Table V: results of testsg to determine etch rates, uniformity
and selectivity for NF3-O; mixtures in PF mode, at 200 mTorr

and 50 W.

NF3 flow 02 flow I‘w u IPR S
[scom)] [scom] [mm/min] [nm/ming
75 §] 55 0.66 2¢ 2.5
100 25 166 0.73 {<0)
50 25 2448 0.646 L5 16
37 37 188 0.77 5 34
Inm/minj
300 v ; ' y v T v T T
z
=200
[
<
&
5100
0 N i : | i 1 1 i i

0 10 20 30 40 50 690
Oxygen flow as percentage of total flow

Figure 13 : Tungsten etch rate as a function of oxygen flow
for NF3-0; mixtures in PF mode.

The non-uniformity is of the inverse Bull's Eye type.
Uniformity is better than 0.90 over the inner 90 mm of the
wafer. Etch rate decreases dramatically over the outer 10 mm
of the free tungsten area. The total etch depth as a
function of the place on the wafer is shown in fig. 14 for
the 4 etchings of this series.

The result of the measurements of the sample with the 100%
NF3 flow is rather uncertain, as the etch depth is only twice
the surface roughness.

As the photoresist removal rate is also very low, for the 4
etchings, the accuracy of its rate, and therefore the
selectivity is very low. The measurement cyclus is the
following: measure resist thickness before etching (hj),

after etching (hy) and after stripping (hy). The removed

photoresist thickness Atpg is then: hj-hy+hs.

The resist thickness is typically 1100 nm. Accuracy of the
measurement of this thickness is typically 50 nm. If the
selectivity of the etching towards the photoresist is higher
than 1, then hy > h;, and the accuracy of the measurement is
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of the same order of magnitude. Therefore if less than 100
nm of photoresist is removed, the error on Atpg can be 100%!
Thig error is reduced by measuring several times the step
heights, but even so the selectivities indicated above show
only that the selectivity is really high, but the
quantitative results are very doubtful, as the result for the
20% O, test shows.

[nm]

600 5 X i i Y I

560
f 400 -4
=9
=%
T 300 35 NF3 - 35 02
ot
3 200 ~ 100 NF3 -25 Q2
d

100 - M

75 NF3 -002
0 ' | B
0 Bordctrz 4 6 CcnierB

Place on the wafer

Figure 14 : Etch depth ags a function of the place on the
wafer and oxygen flow for NF;3-0, mixtures in PF mode, etch

time was 2 minutes.

The reason that a total flow of 125 scem was used for the
second test is that for O, only a 500 sccom mass flow
controller was available, limiting the minimum (contrclable)
fiow to 25 sccm.

Examination under the optical microscope showed that resist
popping had occurred. It could be cobserved that the wafers
had changed of colour when they arrived back in the cassette.
Later we shall discuss these phenomena in much more detail.
During the study of the colouration of the tungsten wafers,
as presented in section 3.3.3.1, the following processes were
performed: pressure always 200 mTorr, AF power 50W, varying
flows, as shown in table VI.

In this table ry is the etch rate at the center of the wafer
( which is higher than the average etch rate ).

As explained before, it is not very accurate to determine the
resist etch rate by measuring step heights. Therefore etch

tests were performed on completely coated resist wafers,
which suffered only a standard post bake. The resist etch
rate rpg is the average resist etch rate of the wafer.
Thickness was measured before and after etching with an
optical thickness measurement gystem: the Prometrix
Spectramap.
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Etch time was 2 minutes for the tungsten tests, 5 minutes for
the resist tests.

Table VI: results of tests to determine etch rates,
uniformity and selectivity for NF3-0p mixtures in PF mode, at

200 mTorr and 50 W.

NFB flow 02 flow I'W Tpp
[scem) facom] [nm/mini [rim/min]
100 25 197 10

850 40 253 12

60 60 165 15

G 125 35

The tungsten etch rates are in good agreement with the ones
reported in table V.

To control the reproducibility of the resist etch rate,
process one was also performed on a completely coated resist
wafer during 2 minutes, resulting in a 11 nm/min etch rate.
Thus reproducibility is good; the etch rate is independent of
etch time.

When increasing the pressure to 300 mTorr, the resist etch
rate for the pure oxygen plasma halves, decreasing it to 100
mTorr, the etch rate doubles.

The first three plasmas had bull's eye non-uniformities for
the resist etching, the pure oxygen plasma had an inverse
bull's eye non-uniformity. This indicates that the etch
mechanisms are somewhat different. The type of non-
uniformity seems to be different between the tungsten etching
and the resist etching, but later tests will show that the
non-uniformity is dependent on the regist coverage of the
wafer, therefore no conclusion should be drawn. Later tests
show that the etch non-uniformity of blanket W wafers is of
the bull's eye type.

Table VII shows the results of the first etch tests with the
second automatic SWAFER machine. Gas flows are constant : 85
sccm of NFy, 40 scem of Oy, pressure is constant at 200
mTorr, power varies as shown in the table, etch time is 2
minutes. The resist pattern is either light field (LF), as
usual, or dark field (DF). Etch rate ry is as measured in

the center of the wafer.

Table VII : etch rates and uniformities as function of power
and resist pattern, at 200 mTorr, 85 sccm of NFy flow, 40

sccm of O, flow and 2 minutes etch time.

Power Pattern Ty U Special remark

(W] [rim/min]

50 LE 180 0.93

50 DF 120 0.95

100 DF 120 06.93

100 DF 130 0.85 lower electrode temperature

increased to 38°C
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These tests show that a W wafer patterned with a dark
field mask etches slower than with a light field magk,
contrary to most other experiments reported in the
literature [18-20].

Even an increase by a factor of 2 in power does not
increase the etch rate of a DF patterned wafer. For a LF
wafer, the etch rate increaseg with power, as will be
shown in later tests. &an increase of temperature does not
significantly increase the etch rate of a DF wafer. It is
clear that the influence of photoresist is Lremendous for
tungsten etching in this etch mode.,

Then several processes were investigated for wafers with
tungsten type Wig.

The following process was firstly investigated:

flows: 85 sceom NF3, 40 sccm Oy, pressure : 200 mTorr, AW
power : 50 W or 100 W; varying etch times.

The following phenomena were cbserved:

- etch rate is not constant in time: for both power
levels, etch rate remains constant until approximately 600
nm of tungsten is removed. Then the etch rate suddenly
decreases very rapidly until etching eventually stops.
With this process and type of tungsten Wrr, it was not
possible to remove the last remainders of the tungsten
film at the border of LF resigst patterned wafers.

- SEM analysis shows that the undercut is extremely high:
several microns: there were several lines where the
tungsten was just completely removed and the resist fell
on the TiN laver.

- The DC plasmas in these plasmas do change in a rather
abrupt way after some time. They become more negative,
for the 50 W plasmas typically after 4 minutes, for the
100 W plasmas typically after 2 minutes and 20 seconds |
i.e. for both plasmas, after having etched away
approximately 600 nm of tungsten ). At the same time, the
AC voltage decreases.

- Furthermore, when the plasma with a low AC voltage is
turned off, a large pressure drop occurs, what is not the
case for a plasma with a high AC voltage.

This indicates that two types of plasma occur for thege
processes. Confirming the removed W thicknesses, it can
be concluded that nearly all of the etching occurs onily in
the first type of plasma, and very little in the second
type of plasma. Similar phencmena were observed for
wafers of the Wy and WrrT types.

For these tests, also blanket tungsten wafers were used.
The tests always show that without resist the etching non-
uniformity is of the bull's eéye type, while with resist at
the border of the wafer, an inverse bull's eye non-
uniformity occurs. But the same 2 types of plasma occur
with the same consequences as for resist patterned wafers.

Tests with other oxygen concentrations were performed:

always with total flows of 125 scom at 200 mTorr. Table
VIII gives an overview of the results. Ftch rates are
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always these at the center of the wafer. Type of wafer:
R: with resist, B: blanket tungsten layer, no resist. To
determine the Si0, etch rates, 125 mm wafers with

thermally grown oxide were etched during 2 minutes.

Table VIII : results of tests to determine etch rates,
uniformity and selectivity to $i0, for NF3-0Oz mixtures, at
200 mTorr.

Test  NFjy O power Time ry U Tgipz 8 Remarks
nr.- flow flow

wafer

type [sccom] {scem! [W] fnm/min} [nm/min)

1-R 108 20 100 4 30 IBE, 1,2
2-R 105 20 100 2F 302 .76 29 16 3

3-R 108 20 50 4! 165 0.80 16 10 BE

4-R 125 0 G0 2! 70 0.90 14 5.0 3

5-B 108 20 100 4! 4
Remarks:

1) The central 110 mm are completely free of tungsten. It
can be observed that in the resist structures, at the
border of the TiN-W region, more tungsten remains than
outside these structures. This indicates, once more, the
etch rate decreasing influence of the photoresist.

2) SEM analysis shows that the TiN surface is very smooth
and that the undercut is of the same order of magnitude as
the vertical etching.

Where tungsten was not completely removed, the surface is
rough and there is alsoc undercut of the same order of
magnitude as the vertical etching.

3) For this process, the etc¢h rate is highest halfway
between the center and the border of the wafer. The non-
uniformity is a combination of 2 mechanisms: etching of
bare tungsten has a bull's eye non-uniformity, whereas the
resist ({at the border of the wafer) causes an inverse
bull's eye non-uniformity.

4) The tungsten was completely removed.

After 3 minutes 15 seconds the DC voltage started to
increase {i.e. become more negative ) and the AC voltage
to decrease, until stabilizing after 2 minutes and 30
seconds.

This could indicate end point at 3'30".

Conclusions:

1) Tests 1 and 2 show that the etch rate for this plasma
is independent on etch time. No sudden voltage change nor
pressure drop at the end of the plasma were observed.

2) Btching with pure NF5 remains extremely slow, also for
processes with 100 W power,

3) Etch rates of silicon dioxide are very low in PF mode.
In this way, good selectivities of tungsten to oxide can
be obtained.

4) Test 5 indicates that a blanket tungsten layer etches
faster than a patterned laver.
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A new series of tests was performed to investigate the
influence of varying pressure and power. The results are
shown in table IX.

Table IX : results of tests to determine etch rates and
uniformity for NF3-0O, mixtures.

Test NFjy Oz Press. Power Time 1y U Sw/pr Remarks

nr.- flow flow

wafer

type [scom] {scoml  ImTorr] [W] [nm/min}

1-R 52 ic 140 100 21 222 0.91 2.6 1,2

2-R 105 20 200 150 2° 75 0.75 >15 IBE; 1,3
Remarks

1) After etching no colouration of the wafer was observed
and no popping of the resist was seen under the optical
microscope.

2) For these processes, the same remark as remark 3 for
table VIII is valid.

3) A preliminary test with 200 W showed that the plasma is
not stable.

The influence of the applied power on etch rate for thesge
processes is shown in fig. 15, for constant flows of 105
sccm of NF3, 20 sscm of Oy and pressure of 200 mTorr.

{nm/min]
400 y 1

300

rate

200

Eich

100 |

O L i .
0 100 200

Power in [W]

Figure 15 : Tungsten etch rate as a function of power for
NF;3-0, mixtures in PF mode.

Conclusions:

All these data indicate that at lower pressure, the
typical PF characteristics have been lost somewhat and
that some bombardment enhanced etching occurs.
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The increase of the power has a similar effect, but in a
lesser extend : the selectivity of the tungsten to the resist
remaing high, but the colouration and popping of the resist
disappear.

The influence of the resist on etch rate was investigated
for the following process:

105 sccm NF3, 20 scem O, pressure : 200 mTorr, power

100 W.

For a wafer patterned with a standard resist process, it
took 3'30" before DC and AC voltages indicated end point.
On the other hand, for a blanket tungsten layer, after 3
minutes of etching, the W was completely removed at the
outer 50 mm of the wafer, only in the center 25 mm W was
still found.

SRP measurements resulted in resistances from 1 toc 6 Chm
per sguare at the center till 72 to 98 Ohm per sgquare at
the border, where we had bare TiN { specific resistivity
of TiN is typically 80uOhmcm, therefore the thickness of
the remaining TiN ranges from 82 to 11l nm).

This test shows that the etch rate of a bare wafer is much
higher than for a wafer with a photoregist pattern on it.
The uniformity also changes completely: with a bare
tungsten f£ilm, the border etches faster than the center,
while this is the inverse for a wafer patterned with
raegist at the border of the wafer., ( When there had been
edge bead removal, the non-uniformity can be of the normal
bull’s eve type. )

The same process was performed on a blanket tungsten laver
but etch time = 2'30".

At the outer 2 mm the W was completely etched away.

The difference in thickness of the layver was measured
through the weight method and the SRP method, both
described above.

wy - wy = (.1813 g => Atw = 929 nm

Through SRP : mean R before = 0.08634 Q/sqgr, after etch =
0.54944 {/sqgr

=> Aty = 1158 nm - 182 nm = 976 nm

At the center : through SRP : Aty = 1158 - 360 = 798 nm
To verify which of the two measurement methods is the most
adeguate, the wafer was patterned with the standard mask
used in the former tests, etched with the gsame plasma and
stripped.

The remaining tungsten thickness could be determined:
center : 370 nm, halfway : 290 nm, border : 185 nm, second
chip from the border: 233 nm.

This result shows that the SRP method is very reliable.
But a difference of legs than 5% between the two
measurement methods is quite acceptable.

The etch rates, as determined by SRP measurements, are:
center : 319 nm/min, at 96 mm : 347 nm/min, at 105 mm :
389 nm/min, U = 0.80, at 115 mm : 463 nm/min, Uy = 0.69,
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This test shows mainly that the etch rate increases mainly at
the outer 20 mm of the wafer, while in the inner 85 mm the
uniformity is quite good.

3.3.2) Determination of wall profiles.

After determining etch rates, it is possible to etch through
the complete tungsten layer to determine the wall profile,
For this test the following process parameters were used

gas flows : 100 sccm NF3 and 25 scom Op, pressure : 200
mTorr, power : S50W. Photoresist process used for a first
wafer included DUV curing and 140°C hard bake.

It was possible to determine the etch time by following the
DC voltage. Fig 16 shows how the DC voltage changes in the
last minute of the etching : its absolute value increases
initially, presumably when part of the wafer gets cleared and
drops at the end. In this way the etch time was determined,
which was for the first wafer 5 minutes and 5 seconds.

[V]
-60

-B2 -

54 -

DC Bias

-66 -

-68 -

-70 T T g | ¥ | R B Y
250 260 270 280 2990 300 310 [seconds]
Etch time

Figure 16 : Change in DC bias voltage when reaching end point
of the tungsten etching.

The photoresist did "explode" completely in the large
patterns. There only remained photoresist on the borders of
the bonding pads and on the small lines.

Ancther wafer was etched with the same process, but this time
a standard photoresist process was used.

End point detection was performed in the same way as for the
first wafer, total etch time was 5 minutes and 15 seconds.

The photoresist withstood thig time better than on the first

wafer: under the optical microscope all the‘pgtterns were
still on the wafer, only some popping was visible.
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The wafer was then inspected in the SEM. Fig. 17 shows a
structure.

It can be observed that the etching is completely isotropic:
there is severe undercut. The resist itself has not eroded:
the thickness ig still approximately the same as the original
thickness. A lot of bubbles are formed on all the resgist
surfaces: as well on the horizontal as on the vertical,

These bubbles seemed to be dependent on the photoresist
process used. Later tests with the same wafers showed the
same bubbles, but when a new batch of wafers was patterned
with a well controlled lithography process, these bubbles
were not observed anymore with an optical microscope. For
tests with the second and third machine for w deposition,
these bubbles were always observed during SEM analysis. Both
resist and lithography process were different from the
processes used for the tests with the first type of tungsten:
due to special circumstances post bake was always performed
hours after development. This delay can cause problems such
as resist popping.

Figure 17 : Tungsten profile, resist and bubbles after pp
mode etching with NF3 - Oz plasmas.

The characteristics of etching through of a wafer of type
Wiz in the second SWAFER machine with a PF process
followed by a 5 seconds RIE process, were determined.

The following sequence was applied:

1) gas flows : 105 scom NF3, 20 scem Oz, pressure : 200
mTorr, power : 100 W, PF, total time : 4 minutes. After 3
minures 30 seconds, decrease of the voltages, stabilizing
after 3 minutes 45 secondg, indicating end point.
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2) gas flow : 125 scem NFy, pressure : 150 mTorr, power
50 W, RIE, time : 5 seconds.

The center 75 mm was etched free, stop on TiM.

SEM observations show that the undercut at the center of
the wafer is much less sever than the 85 scom NF3, 40 sccm
Oz, pressure : 200 mTorr, power : 100 W, PF, process.
Undercut at center and border are of the same order of
magnitude.

The TiN surface is very smooth, whereas where the W had
not been removed, the surface is rough.

3.3.3) Special effects occurring with etch processes in PF
mode.

3.3.3.,1) Colouration.

The colouration of the wafers by the PF etching with NF3-09

plasmas, as observed before in the tests to determine etch
rates, was further investigated.

Etch tests were performed at : pressure: 200 mTorr, power
50 W in PF mode and flows, wafers of the W1 type:

1) 100 scem NFy, 25 scem O,
2) 80 sccm NF3, 40 scom Og.
3) 60 sccm NF3y, 65 scem Osp.

By examining the wafers thoroughly under the optical
microscope, the following general tendencies could be
observed: the tungsten which was not etched { because it was
protected by resist during the etching ) has the original
brown-yellow tungsten colour. In the central 100 mm of the
wafer, the colour of the etched tungsten is more dark, brown,
except in smaller structures, where the colour goes to
vellow-blue and more to the border dark blue. This dark blue
colour is also the colour at the border of the wafer in
larger structures.

At approximately 20 mm from the border there is a rectangle
of resist of approximately 20 mm by 10 mm { it are 2 chips
which are not exposed by the stepper, therefore we shall call
this structure the “double chip” ). Near this resist area
the colour after etching becomes also dark blue, 4 to 5 mm
from the area the colour turns gradually into dark brown, the
“normal” colour after etching in this regicn. This is a
first indication that the presence of the resist alters
something in the process.

( Auger tests, discussed later in 3.3.3.2, will show that the
region which has a brown colour is an oxygen rich region with
a depth of approximately 20 nm, and where the blue colour is
dominant, an oxygen rich layer of 50 nm thick can be found. )
To determine the cause of the colouration, the following
sequence of process steps was performed on a wafer:

1) 125 sccm NF3, 200 mTorr, 50 W PF, 15 seconds
2} 125 scem Oz, 200 mTorr, 50 W, PF, 30 seconds.
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This segquence wasg done 8 times in a row, but the wafer always
leaves the reactor after the second step.. After the eighth
sequence, step height measurement indicated that the step has
decreased by 250 nm, due to resist etching.

The same sequence was done another 8 times, which results in
a total etch time of 4 minutes in the NF3 plasma.

The wafer showed the same colour pattern as the wafers of the
former tests.

After stripping, the tungsten was measured again and less
than 50 nm was removed!

This means that with the pure NFy process, the oxidized
tungsten is not removed anymore, at least when the etch time
is only 15 seconds.

A simpler seguence was done in the following way:

80 scom NFg, 40 scem Oy, pressure : 200 mTorr, power : 50W in
PF mode, first test: 4 minutes.

During this test it became clear that the colouration
occurred when the wafer left the reactor: it means that the
oxidatlon occurs in the air, not during the etching.

The step height was measured, with resist still on the wafer,
and it had increased with approximately 450 nm.

The same plasma was applied to the same wafer during 4 more
minutes. Measuring the step height again, with resist still
on the wafer, it was found that it was increased by only 100
am this time.

Stripping the wafer and measuring the etch depth in the
tungsten yielded: 605 nm of tungsten removed.

A new wafer was etched with the same plasma during 4 minutes.
Half of the wafer was stripped and the etch depth in the
tungsten was measured: 530 nm.

This means that after oxidation the etching is completely
different: the etching in PF mode of this tungsten oxide is
much slower than of pure tungsten.

It was easy to observe on the border between the stripped and
the not stripped part of the wafer, that the strip itself
does not influence the colouration of the wafer.

As the Dektak stylus of our equipment has a diameter of 12
micrometer, it was not possible to detect in this way whether
smallier spaces etched more rapidly than larger ones.
Therefore, the stripped part of the wafer was cleaved and
examined in the SEM. Next to structures of 1.25 um wide
lines-spaces a large open area of over 100 um can be found.
Tt was easy to observe there that small spaces where etched
as deep as the large spaces.

The wafers of this series had received a different
photoresist pattern: the used reticle was the game, but much
more fields were exposed, so that even the border of the
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wafer was free of resist. There were 2 main differences with
the results of former tests:

1) The (time) average tungsten etch rate decreases
dramatically, by nearly a factor of 2 in the center of the
wafer. This etch rate decrease is due to the non-
reproducibility of the etching with this type of plasma { asg
has been shown in 3.3.1 }.

2) The non-uniformity seems to be rather of the bull's eve
type than of the inverse bull's eye type. On the border of
the wafer the difference in etch rate is much less. There
the etch rates are : 165 nm/min for the wafer with much
resist, 134 nm/min for the wafer with no resist at the
border. For the first wafer, the local high density of the
resist decreased the etch rate at the border, a decrease
which is not observed when no resist at the border.

This indicates that the presence of the resist modifies the
etching characteristics quite a lot ( as it also influences
the depth of the oxide layer ).

A wafer was prepared to be analysed by Auger spectrometry:
half of the wafer was free of resist, in the center there was
1 row of IC patterns, and the rest of the wafer was covered
with resist. In this way we were sure to obtain the brown as
well as the blue coloured oxide. The processs used, was the
following: 80 sccm NF3, 40 scem O», pressure : 200 mTorr,
power : 50W in PF mode, etch time : 4 minutes. The AES
analysis will be described in section 3.3.3.2 below, as the
results of the first sample.

After this test the manually loaded system was removed from
the clean room and an automatically loaded system was
connected. Unfortunately, the etch characteristcs of both
systems were not the same.

A lot of etch tests were done on the new machine, but results
of all the etching processes were rather different than for
the manual machine and another system that had been
characterized before.

The overall results were:

1} In PF mode the etch rate of the tungsten was a factor of 5
lower now, while the etch rate of the resist was a factor of
3 higher.

2) The measured AC voltages on the lower, floating electrode
are higher. The DC voltages on the upper electrode are
higher.

3) There is still colouration, but much more uniform than in
the manual system. There is no difference in colour in the
neighbourhood of large resist areas.

A1l these results indicate that less free fluorine is formed.
This explains that the etch rate of the tungsten decreases.
The etch rate increase of the photoresist can be explained by
the higher voitages at the floating electrode.

4) There are large non-uniformities in the etchings of
polysilicon, resist and tungsten in all etch modes. Separate
regions could be identified, which had e.g. different
¢colouration.
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Later we found out that the lower electrode was not really
floating, but remained at a fixed potential. 1In this way a
plasma mode between plasma float and plasma ground was
created.

A first phenomenom is the fact that the plasma in this
pseudc PF mode was much less intense than for the real pPF
mode. The reason is that in the pseudo PF mode, the lower
electrode (probably) acts as the counterelectrode, but
with a smaller area than the grounded gas distribution
ring, which acts as the counterelectrode for the real PF
mode.

The etch rate results show that a second phenomenom
occurs: more bombardment in this pseudo PF mode. This
explains why resist etch rates are higher and why less
tungsten oxide is formed, as will be discussed in more
detail in appendix V.

A special process sequence was performed to investigate if
the oxide layer has still the same characteristics as in the
manual SWAFER. A wafer without photoresist was used.

1) 50 scom of NF3, 25 scem of 05, pressure : 200 mTorr,
power: 50W in PF mode, time : 30 seconds.

Result: a brownish oxide was formed.

2) Same process: extra 2 minutes.

Result: the colour changed to blue-brown. { The influence of
time on the colour, which is an indication of the depth of
the oxide layer had not been observed in the manual SWAFER.)

Then the carbon ring of the SWAFER was removed to investigate
if its presence changes the formation of the oxide layer,

The same processes 1) and 2) were performed on a new
resistless wafer.

The results were approximately the same, only the extra
colouration in the second step was less expressive,

Extra steps were now done on the same wafer:

3) 50 sccom of NF3, 25 scem of 04, pressure: 150 mlTorr, power:
50W in RIE mode, time: 2 minutes.

Result: the wafer shows a brown of a lighter shade,
indicating a thinner oxide.

4} Extra 30 seconds of the same RIE process,

Result: there is still a very light brown shade, if it is an
oxide, it will be very thin.

5) Same PF etch process as 1) and 2) during 2 minutes.

The colour has changed into dark brown to blue.

6) Extra 2 minutes of PF process.

Result: the whole wafer has a blue oxide laver.

Conclusion: a PF process forms a tungsten oxide layer, an RIE
process removes the tungsten oxide layer.

Etching with SFg-O; processes in PF does not result in the

formation of a tungsten oxide.
It is clear that the etch mechanisms of SFg-02 processes are

different from NF3-Op processes. It should be remarked that
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the voltages on the lower electrode for the 150W SFg process
are approximately twice ag large as for the 50w NF3 process.
The consequence of this can be that the etching with SFg is
much less chemical than with NF3: more ion bombardment will
occur with SFg than with NF3. And it is shown in former
tests that no oxide layer is formed with RIE NFy plasmas.

3.3.3.2) BAuger analysis of the etched samples.

Auger analyses were performed to investigate the nature of
the layers formed when leaving the SWAFER reactor after NF4 -
Oz etching in PF, and how they are generated. The equipment
used was a Perkin Elmer PHT600 Auger Electron Spectrometer,

A. First sample.

The first sample was of the wafer as described in 3.3.3.1.
Results:

1) Six equidistant points were analysed : the first point was
at 0.6 mm from the border of the resist area, the last point
at 5.6 mm from this border. In this way there were
investigated regions where the colour was brown and other
where the colour was blue. The surface signal, as shown in
fig. 18, was the same for all the points.
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Figure 18 : Auger spectrum of the surface of the tungsten
where a blue colouration took place.
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At the surface we can observe tungsten peaks at 163, 169 and
174 eV, a carbon peak at 271 eV and a large oxygen peak at
503 eV. No fluorine and no nitrogen were found.

2) At 3 mm of the border of the large resist area a depth
profile was made, as shown in fig. 19. This was in a region
where a blue colouration had taken place.

The carbon signal dissappears immediately when the AES Ar
sputtering starts. We can conclude that the carbon is
adsorbed at the surface, but does not diffuse into the
tungsten bulk.

The oxygen signal decreases and reaches 50% of its value at
the surface after sputtering time of 5 minutes. It can be
estimated that 5 minutes of sputtering in the used Auger
system removes about 25 nm of tungsten.

The tungsten to oxygen ratio is 1 to 3, 8o that we can
presume that at the surface a WOy compound has been formed.
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Figure 19 : In depth Auger profiles of the tungsten where a
biue colouration took place.

3) At 6 mm of the border of the resist area a depth profile
was made, as shown in fig. 20. This was in a region where a
brown colouration had taken place.

For this sample, the carbon signal alsc dissappears
immediately. The surface W to O ratio is also 1 to 3. The
oxygen signal decreases and reaches 50% after sputtering
approximately 2 minutes. It can be estimated that
approximately 10 nm of tungsten was removed after 2 minutes.

These results show that the chemical composition of the
oxides is the same for the blue and brown colours. At the
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surface we find WO3 in both cases. The difference in colour

is caused by the difference in thickness of the oxide layer
and not by the difference in W-O composition.
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Figure 20 : In depth Auger profiles of the tungsten laver
where a brown colouration took place.

B Second, third and fourth sample.

It was tried to leave the sample as much as possible in a
nitrogen ambient and verify what kind of structure was
formed, as it was observed that the colouration took place in
air, and 20 minutes in nitrogen at 1 atmosphere of pressure
in the reactor did not change the colour of the tungsten.

A ( not completely airtight } load-lock was made around the
automatic SWAFER and filled with nitrogen. The wafers were
cleaved in this load-lock, mounted on the AES holder and
transported in a box, which was wrapped in a plastic bag,
which was filled by nitrogen. It is possible to flush the
entrance port of the Auger system with nitrogen and let it
fiow through the open entrance valve. The holder was taken
out of the box and inserted into the port. During this
operation it was impossible to avoid that the sample came in
contact with the air. Then the port was closed and pumped to
vacuum. It was not possible to see if the sample was
coloured before making the Auger analysis. When the sample
left the Auger system, a colouration was observed, but this
could have happened upon opening the system after the
analysis.

All samples were etched with the following process:

50 scem of NF3, 25 scom of Op, pressure : 200 mTorr, power

50W in PF mode, etch time: 2 minutes.
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The cleaving of the first wafer, the mounting of the sample
to the holder and transfer to the Auger system took over 20
minutes time (second sample).

The same procedure took less than 10 minutes for the second
wafer {(third sample). A sample of this second wafer which
remained in air for four hours was also investigated (fourth
sample) .

A reference wafer which contains a non etched CVD tungsten
film, was also analysed.

Results:

The second and the third sample showed the same results, only
the fluorine content of the second sample was approximately
30% less than that of the third sample. The analysis of the
second sample will not be commented anymore.

The surface signal of the third sample is shown in fig. 21.
The following peaks can be observed: tungsten, carbon, oxygen
( as in fig 18 ) and fluorine at 658 eV.
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Figure 21 : Auger spectrum of the surface of the tungsten
moved to the Auger electron spectrometer in a nitrogen
ambient.

The depth profiles are shown in fig. 22.

The carbon signal dissappears immediately when the sputtering
starts. As in the first sample it is just adsorbed carbon.
The fluorine and the oxygen signals decrease in a similar
way. This indicates that the presence of F and of O is
linked to each other. The sputter time to 50% of the surface
value is again approximately 2 minutes. The colour of the
oxide formed when coming into air was the same brown as for
the second region investigated in sample 1. Therefore we can
conclude that the colour reproducibly indicates the thickness
of the oxide layer.
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The tungsten signal increases ag Oxygen and fluorine signals
decrease.
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Figure 22 : In depth Auger profiles of the tungsten moved to
the Auger electron Spectrometer in a nitrogen ambient.

Even in these samples with fluorine present, the W to 0 ratio
at the surface ig still approximately 1 to 3. The F
concentration in the sample is only a few %, whereas the O
concentration is approximately 60% of the atoms found at the
surface. Therefore it is normal that the differences are
small,

As it is known that the electron beam causes desorption of
the fluorine [21], fluorine was always investigated first in
these depth profiles.

Then the sample which remained in air for approximately 4
hours was analysed.

The surface signal is shown in fig. 23. The tungsten, carbon
and oxygen peaks can clearly be observed. It isg very hard to
say if the peak at 658 eV, which indicates the fluorine atom,
is real or just noise.

Looking at the depth profile in fig. 24, one is inclined to
state that very little fluorine still remained at the
surface, but none in the bulk of the tungsten. Carbon
disappears as in all former samples. The oxygen content
decreases as in the former samples to 50% of its surface
value in approximately 2 minutes. and W o O ratio at the
surface is again 1 to 3.

The colour of the sample, before entering was the standard
brown.
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The surface signal of the reference sample is shown in fig.

25,
large oxygen peaks.
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Figure 26 shows the depth profile of the reference sample.
When sputtering starts, both carbon and oxygen peaks
disappear immediately. It can also be observed that the
oxygen to tungsten ratio at the surface is less than 2. This
indicates that the oxygen is rather adsorbed than
chemisorbed.

Conclusions.

The fluorine and the oxygen signal are linked very much
together: they decrease in the same way in the bulk of the
tungsten.

The oxygen content of a sample which still contained
fluorine, decreases in the same way as a sample which does
not contain any fluorine anymore.

Samples prepared in different egquipment, but with the same
colour, show the same oxygen and tungsten profile.

If the colours are different, the surface signal, therefore
the surface content, is the game, but the concentrations in
depth are different: oxygen can be found at greater depth in
one sample than in the other.

The fluorine and oxygen contents decrease steadily in depth.
The reference sample shows that no tungsten oxide compound is
formed on a non etched tungsten wafer.

3.3.3.3) Effects of treatments before and after the etching
of tungsten.

The characteristics of an etch process for etching
completely through the tungsten layer of a wafer of type
Wrp in the second SWAFER machine with a PF process
followed by a 5 seconds RIE process, were determined.

The following seguence was applied:

1) 105 scem NF3, 20 scem Op, pressure : 200 mTorr, power
100 W, PF, total time : 4 minutes. After 3 minutes 30
seconds, decrease of the voltages, stabilizing after 3
minutes 45 seconds, indicating end point.

2) 125 sccm NF3, pressure : 150 mTorr, power : 50 W, RIE,
time : 5 seconds.

In the central 75 mm the tungsten was completely removed.
The etching had not removed the TiN layer.

No oxidation was observed when the wafer left the reactor.
Resist popping could not be cbserved under the optical
microscope, some “"bubbles" were seen in the SEM, but much
less severe than for wafers which had not suffered a RIE
plasma. Besides, most of the bubbles are located at the
sidewalls of the resist, not as much on the top.

This indicates that a short RIE step removes the fluorine
containing layer on top of the tungsten and a layer on top
of the regist also.

A possible explanation for the formation of the bubbles ig
that during the PF processes a CxFy layer is formed at the
top of the resist, also depending on the treatment the
resist received before. When applying an RIE plasma, this
layer is removed. When the wafer leaves the reactor
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without an RIE treatment, this layer pops when it arrives
in the air.

Wafers which had been etched before were submitted to a PF
etch process to see how the oxide layer formed when coming
out of the SWAFER influenced the etching.

The process used was always: 100 sccm NF3, 25 sccm Ojp,
pressure : 200 mTorr, power: 50W in PF mode.

Conclusions:

1) The tungsten which had been etched in a PF NF3-0Op plasma
does not etch anymore.

2) Tungsten that had been protected by resist, but the resist
had been stripped 6 months ago, do not etch in these PF mode.
3) Tungsten that had been etched in an RIE plasma and where
the resist pattern had remained on the wafer, etches in the
Same way as tungsten on a new wafer,

4} Tungsten which had been protected by a resist pattern
which is removed just before the etching etches as tungsten
on a new wafer, including the formation of the oxide after
the etching.

5) The oxide can be used as a magk to etch the tungsten which
had been protected before by the resist.

6) The etch rate of the tungsten in the center of the wafer
is independent of the mask material : resist or tungsten
oxide.

A wafer which had suffered a RIE process was stripped and
the following process was performed:

flows: 105 scem NF3, 20 scom O, pressure : 200 mTorr,
power : 100 W, PF, time : 2 minutes.

By measuring with a step height meter, a strange
phenomenom was discovered.

In the center of the wafer, the step height was reduced
with 200 nm to 176 nm, halfway the step height was zero
and at the border, the step had become a valley of 100 nm
deep, what means that 530 nm was etched more at the place
that had been protected by the resist in the former RIE
process, than at the place where the RIE etching had
occured.

All this indicates that PF etching of tungsten is very
sensitive to former treatments.

3.3.3.4) Special process : influence of the resist.

A wafer was etched completely through with a combined PF-RIE
process.
1) 35 scem of NF3, 35 scem of Oy, pressure : 200 mTorr,

power: 50W in PF mode, time : 3 minutes.
2} 100 scem of NF3, pressure: 150 mTorr, power : 50W in RIE
mode, time : 3 minutes.

Regults:
1) The photoresist has been removed completely.
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2) The preofile of the tungsten wall is not of the form of a
champaign glass, but rather there was a general undercut.

3) The tungsten surface was smooth.

4) The silicon dioxide surface was smooth, no rests of
tungsten could be observed.

5) By measuring the remaining thickness of the PECVD oxide,
one can conclude that the non-uniformity was of the bull's
eve type. This can be considered normal, as this wafer did
not have resist at its border.

The remaining PECVD oxide thickness was also measured near
the "double chip®: a teststructure which does not receive
exposure in this mask level. Fig. 27 shows this thickness as
a function of the distance to the resist border of the double
chip. It is clear that a large area of resist decreases the
etch rate, even as far as 2 mm away from it. This means that
the etch rate ( of the tungsten ) is lower where a blue
colouration occurs, while it is higher where the brown
colouration takes place.
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Figure 27 : Remaining PECVD oxide thickness as a function of
distance from the double chip resist area after a PF mode
etching with a NF3 - Oy plasma

3.4) Specific process development to obtain a tungsten back
et.ch process.

The tests performed in 3.1 till 3.3 served mainly to obtain
data to study the etch mechanisms and to investigate if it is
possible to obtain a process with vertical walls in the
tungsten.

In this chapter, the process development to obtain a tungsten
back etch process is described. Of course, the results of
the tests can also be added to the previous results to study
etch mechanisms.
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From earlier tests, we know the following general trends:

- in RIE mode, etching is anisotropic, uniform but not
selective

- in PF mode, etching is isotropic, not as uniform as in RIE
mode, with good selectivity towards oxide ( and resist).
Therefore, it is logical to use a two step process:

- a first step in RIE mode, with uniformity as high as
possible, but still high etch rates;

- a second step in PF mode, which will remove stringers,
because of the isotropic nature of the etching, and which
will stop on the underlying layer.

For some tests, we used special wafers which received a PECVD
oxide mask : wafers with the same preparation as Wrry,
received a 500 nm thick PECVD oxide on top of the tungsten
layer. On top of this a traditional 1.1 pm thick resist was
patterned in both LF and DF, with 5% resist coverage and open
areas resgspectively.

This wafers received an oxide etching, with an overetch step
of 20%. Some of the wafers were stripped before tungsten
etching, others were not, and retained approximately 0.8 um
of resist. These wafers are used for tests in both RIE and
PF mode.

3.4.1) Determination of etch rates, uniformities,
selectivities and wall profiles.

For a good back etch process, uniformity has to be as high as
pessible. The processes studied before do not have a good
enough uniformity for a back etch process. As it is known
that processes at lower pressure have in general better
uniformities ( because of the higher diffusion constant )
some tests at lower pressure and reduced flows, with the same
residence times as before, were performed, both in RIE ag in
PF mode.

For a commercial process, the number of gases should be
reduced. In PF mode, SFg does not serve as an etch gas.
Therefore, we reduced the development in RIE mode also to NFj
alone.

In some back-etch processes one applies a resist layer on top
of the tungsten layer to planarize the structure. For these
cases a process with 1:1 selectivity is most useful.
Therefore no oxygen was added for etch processes in RIE mode,
as the tungsten etch rate is more or less independent on
oxygen content, as shown in figures 9 and 11i.

Table X shows the tests performed in RIE mode. Etch rates
are these at the center of the wafer (C in column remarks) or
are the average etch rates (A in column remarks), etch time
is 2 minutes unless mentioned otherwise,

Non-uniformity is always of the bull's eye type.

The reproducibility of the processes is good, uniformity is
higher than for processes at higher pressure. The etch rate
of process 4 is too low to be used as a commercial process.
The decrease of the selectivity shows that at lower pressure,
the ion bombardment effect is much larger.
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Table X: results of tests to determine etch rates, uniformity
and selectivity for NF3-0; mixtures in RIE mode for wafers

with (R) and without (B} resist mask.

Test NFy On Press. Power Ty 8] I'pr s Remarks
nr. - flow flow

wafer [sccm] I[sceom] ImTeorr] [wW] [nm/min} [om/min]

type

1-R 62 ¢ 75 50 158 .92 262 0.60 C

2-R 62 0 s 100 306 0.38 A

3-B 62 i 75 100 305 0.88 A

4-R 31 ¢ 40 50 1liz 0.96 237 G.47 C

Table XI shows the results for processes in PF mode. The
conventions are the same ag for table X.

Table XI: results of tests to determine etch rates,
uniformity and selectivity for NF3-0; mixtures in PF mode for

wafers with (R} and without (B} resist mask.

Test NF 5 05 Press. Power I'w U Tpp s Remarks
nr. - flow flow

wafer [scom] [scem] [mTorr! [w] [nm/min] [ /min]

type

1-R 52 10 100 100 287 0.84 137 2.4 C

2-B 52 10 100 100 279 0.80 A, t = 17
3-R 25 7 50 100 207 6.97 71 2.9 C

4-B 25 7 50 100 224 0.85 A, L = 3

Non-uniformity is always of the inverse bull's eye type for
wafers with resist, of the bull's eye type for blanket
tungsten layers.

Regist patterned wafers are measured with a step height
meter, blanket waferg with an SRP, which measures much more
points. Therefore thye calculated uniformity of tests 2 and
4 are lower than of tests 1 and 3.

There was oxidation observed on the wafer of test 1, as usual
for etch processes in PF mode, but there was no oxidation
observed on the wafers of tests 3 and 4.

For test 2, after the PF process a 10 seconds 25 W RIE plasma
was applied before the wafer left the reactor and no
oxidation was observed. This once again shows that even a
weak RIE plasma removes the F rich layer created in the PF
plasma.

Comparing these tests with the results of processes at 200
mTorr, one can conclude that at lower pressures the PF plasma
behaves more like a RIE plasma, with more ion bombardment :
higher uniformity, lower selectivity and at 50 mTorr the
tungsten oxide is not formed anymore.

As the last process has the best uniformity of all the PF
plasmas, some tests were performed to evaluate etch rates of
TiN and oxide with this last process. The main conclusions
of these tests are :
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- the selectivity W/TiN is much lower than for processes at
higher pressures;

- TiN which was partially etched and then exposed to air,
does not etch anymore by this process.

With this process, a thermal oxide etches with an average
rate of 19 nm/min and uniformity of 0.72, with inverse bull's
eve.

These results indicate that some ion bombardment enhanced
etching is taking place, not only mere chemical etching, On
the other hand, the facts that air exposed TiN remains on the
wafer and that Si0O,; etches still very slow, indicate that
much less ion bombardment occurs for this process than for
any RIE process,

Therefore an extra test was done: etching through the w layer
with the same process during 6 minutes. The voltages dropped
after 4'10" and stabilized after 4'25v,

The W and the TiN were etched away all over the wafer.
Measurement with the Leitz MVP show that there is 14)] mm ([ at
the center ) to 155 nm { at the border ) of oxide left, from
the original 180 nm.

SEM analysis, see fig. 28, shows that the resist has been
removed nearly completely on most of the fine lines (not on
the larger pads).

Figure 28 : Profile etched with the 50 mTorr process ( nr 4
in table XI ). Observe the large undercut of the TiN between
tungsten and oxide.

The walls are lightly sloped, due to the resist erosion
rather than to undercut. But enormous undercut of the Tin
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layer can be observed. This indicates that the TiN etches
much faster, with a loading effect, than the W. Thig is
completely unacceptable for a tungsten back etch process.,

From now on, only wafers of the type Wyrr were etched.

New tests were performed to investigate the etch
characteristics of the new type of tungsten and to develop a
tungsten back etch process. Results of etching in RIE mode
are shown in table XII. The same conventions are used as in
table X.

Table XII: results of tests to determine etch rates,
uniformity and selectivity for NF3-0p mixtures in RIE mode.

Tegt NF4 O Pregg. Power Iy U YpRp 5 Remarks
nr, - flow flow

wafer [scom] [scoml [mTorr] [W] Inm/min] Inm/min]

type

1I-R 62 0 75 50 170 0.98 284 0.0 (C

2-RB 62 0 75 50 169 .89 B

3-B 125 0 150 50 237 G.88 A, T = 3!
4-B 125 9] 150 50 234 G.87 A, € o= 3¢

These results are similar to the ones obtained for Wrg.

The tests also show that the etching is very reproducible and
that influence of the presence of regist is not important
(for a LF pattern).

Etch rate of blanket tungsten layers was determined both by
SRP and weight method, and the error was always less than 5%,
showing good agreement.

Then several tests were performed to determine the profile of
the tungsten wall for a tungsten layer covered with a PECVD
oxide magk. The first tests showed that the selectivity of
tungsten to oxide is only 1.6 for process 1 of table XIT and
1.9 for process 3. Therefore the following process was used
to etch through the tungsten layer:

flow : 125 sccm NF3, pressure : 150 mTorr, power : 50 W, RIE,
4 step process to fellow the etching visually : time : 30v +
1730"+ 130"+ 30%. The wafer had originally a resist layer
on top of the PECVD layer, but the resist was completly
removed after the etching.

In the central 90 mm there was still some W, around it was
TiN,

Where the TiN was free, a SEM analysis was performed. There
was a very slight undercut, over the whole wall, of
approximately 100 nm. This is shown in fig. 29.

This test ( combined with former tests with resist masks )
shows that:

- the etching of the tungsten in RIE mode is really
anisotropic although there is a slight isotropic component;

- the presence of resist forms a masking layer at the
sidewall of the tungsten to impede completely the isotropic
etching.
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Figure 29 : tungsten profile after RIE mode etching with a
pure NF3 plasma, using a PECVD oxide mask.

Results of etching in PF mode are shown in table XIII. fThe
same conventions are used as in table X.

Table XIIT: results of tests to determine etch rates,
uniformity and selectivity for NF3~0p mixtures in PF mode.

Test NF3 On Press. Power Ty 5 Tpgr g Remarks
nr. - flow flow

watfer lscom] [scem] [mTorr] Iw) inm/min] Inm/min]

type

1-R 50 10 100 1006 243 0.94 95 2.5 C

2-B 85 40 200 100 28 A

3-B 50 10 100 100 316 0.83 A

Test 2 shows that this process is not stable for tungsten
type Wryp, just as for types Wyp and Wi, as described before.
Therefore, the instability is not a function of the tungsten
type, but of the process.

The etch rates of test 1 are a bit lower than for Wyr. This
is probably due to a passivation effect, as described already
before in 3.3.1. The influence of the resist { or better the
lack of it at the border ) is clearly vigible : a traditional
bull's eye non-uniformity is observed. Also for test 3 a
bull's eye non uniformity was observed.

The first tentative to etch through the W layer of a wafer
masked with only 500 nm of PECVD oxide was not succesful.
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The used process was : flows : 50 scom NF3, 10 scem Op,
pressure : 100 mTorr, power 100 W, time : 3+3Q%.

When leaving the reactor, no colouration occurred, the
tungsten looks the same as before the etching. Measurements
with the step height measurement and SRP systems confirm that
no W etching has occurred: the sheath resistance is still
0.117 ohm per square and the step height is 450 nm { so only
approximately 40 nm of PECVD oxide has been etched away ).

We attribute the lack of etching to the formation of an etch
inhibiting layer formed during the PECVD oxide etching,
during the 20% overetch step. 1In RIE mode this layer will
immediately be removed through bombardment. But in PF mode
the etch rate of this teflon like film is extremely low,.
Before performing tests for pF processes, it is necessary to
give a short RIE plasma step to remove the teflon layer. The
following process was used

fFlow : 63 scom NF3, pressure : 75 mTorr, power : 50 W, RIE

mode, time : 6 seconds.
This process removes typically 22 nm of tungsten.

3.4.2) Comparison of processes with light field (LF) and dark
field (DF) masks.

As explained in appendix 1, the loading effect is very
important for a back etch process. A traditional way to
determine how severe the loading effect is, is comparing etch
rates of LF patterned layers with DF patterned layers.
Normally the masking material ig a resist. we already know
that in PF mode, the presence of resist decreases the etch
rate. Therefore wafers with a PECVD oxide mask were
prepared. Instead of using a resist as mask, wafers with the
same preparation as Wyyp, received a 500 nm thick PECVD oxide
on top of the tungsten layer. On top of this, a traditional
1.1 pm thick resist was patterned in both LF and DF, with 5%
resist coverage and open areas respectively.

These wafers received an oxide etching, with an overetch step
of 20%. Some of the wafers were stripped before tungsten
etching, others were not, and retained approximately 0.8 um
of resist. These wafers are used for tests in both RIE and
PF mode.

The first four tests of table XIV compare etch rates of
wafers patterned with resist through a DF mask, with former
processes with LF masked wafers, in RIE mode. Tests 5 and &
compare etch rates between LF and DF oxide masked tungsten.
The results are shown in table XIV. 1In the first column, RLF
stands for a resist light field pattern, RDF stands for a
resist dark field pattern, OLF stands for an oxide light
field pattern, ODF stands for an oxide dark field pattern.
For tests 5 and 6 $ is the selectivity of tungsten to oxide.
Etch time is 2 minutes unless mentioned otherwise.
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Table XIV: results of tests to determine etch rates, loading
effect, uniformity ang selectivity for NF3-0s mixtures in RIE
mode.,

Test NFg Oy Press. Power 1y U Ipr 5 Remarks
nr., - flow flow

wafer [scom]! [scom] [mTorr] [wW] Inm/min} [nm/min)

type

1-RDF 125 ¢ 150 50 196 0.95 320 0.63 ¢

2-RLF 125 0 150 50 206 G.86 Wrr type
2bis 125 0 150 50 234 0.87 blanket layer
3-RDF &2 0 75 50 1680 0.92 299 0.54 (C, £ = 3¢
4-RLE 62 0 75 50 170 0.98 289 0.60 tahle XIL,1
5-0DF 125 0 150 50 572 0.95 3.25 O, t=1r7304
6-0LF 125 0 150 50 224 0.82 1.82 (C, t=1t3pn

Tests 1 to 4 indicate that for these plasma processes in RIE
mode W etch rates do not change very much with the coverage
of resist, or that two effectsg happen that cancel each other:
an etch rate increase due to the decrease of free tungsten
area and an etch rate decrease due to the influence of the
resist, a phenomenom similar to processes in PF mode, or due
to extra fluorine consumption because of the resist etching.
Therefore tests 5 and 6 with a PECVD mask were executed; the
resist was stripped before etching. These tests show the
results as expected and reported in the literature : an
increase in tungsten etch rate when the wafer is masked by a
DF mask.

The etch rate of the tungsten increases by a factor of 2.5
which indicates a strong loading effect. At the same time
the 704 nm F line intensity was measured and it showed a
difference by the same factor 2.5 . When 95% of the wafer is
covered by slow etching PECVD oxide, the consumption of fluor
through etching of tungsten is much less than for the LF
patterned wafer.

Though both DC and AC voltages are lower for the DF than for
the LF patterned wafer, the oxide etch rate is higher: this
can also be explained by the larger content of free fluorine
in the former case. Because of the results of tests 5 and 6,
processes in the SWAFER in RIE mode do not seem to be
adequate as a last step for an etch back process : the
loading effect is too large.

Then several tests were performed in PF mode to investigate
the loading effect.

Table XV compares etch rates between LF and DF oxide masked
tungsten layers in PF mode, which received first a 6 secondg

RIE step as mentioned above. Etch time is always 2 minutes.
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Test HFqy 05 Press. Power Ty |3 Tgioz S Remarks
nr. - flow flow

wafer [scom] [scenm] Imrorr] [w) inm/min] [rm/min]

type

1-OLF &2 10 iG0 160 329 0.89 31 >10 c

2-0DF 52 10 100 100 510 0.94 &7 7.5 C

3-QLF 108 20 200 160 329 0.87 »20 [

4-0ODF 105 20 200 100 480 0.39¢ »20 C

Tests 1 and 2 show very different results from similar tests
with DF and LF resist patterned wafers. 1In thig case the
expected loading effect Occurs. The effect is not ag
outspoken as for the RIE tests before : here an etch rate
increase by a factor of 1.5 against 2.5 in RIE mode, The
fact that more free fluorine is available in PF mode than in
RIE mode is probably responsible for this effect, though the
F-line intensity is also for these tests a factor of 2.5

case the etch rate of the LF wafer, masked with PECYD oxide
is higher than when maskegd with resist, even in the center of
the wafer.

The non-uniformity of the tungsten is always of the bullr's
eye type.

For tests 3 and 4 the oxide etch rates are so low that it ig
not possible to measure them adequately with the step height
meter. Selectivities are over 20.

Also for tests 3 and 4 the traditional loading effect oCCUTrsS:
the etch rate increages by a factor of 1.z. Etch rates are
very similar between the 100 mTorr and 200 mTorr process.
The higher pressure process has a lower oxide etch rate as
can be expected, brobably due to less ion bombardment .

An increase of 40% of the etch rate when changing from a LF
pattern to a DF pattern is good enough for an back etch
Process : in the literature an increase with 100% has been
called "acceptablen [22] and "standard pbrocesses" are run
with an etch increase of 45% in industry.

3.4.3) End point detection and wall profile determination of
PF prccesses.

A series of tests was performed to obtain endpoint detection
by optical emission Spectroscopy. Additional results were
obtained on the TiN etching,

At first some tests were done to determine the complete
spectra (from 300 nm to 750 nm) of the etching of bare
silicon and blank wafers of tungsten tilil reaching the Tin
layer with process: 100 scom NF3, 20 sccom Oz, pressure : 200
mTorr, power : 100 W, PF mode.
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When reaching the TiN layer, the intensity of the whole
Spectrum increases,

Then more specific tests were done with blank wafers of the
Wrrr type.

1) The firgt test used the following process

fiows : 52 sceom NF3, 10 scem O», pressure : 100 mTorr, Power:
100 W, total etch time : 5 minutes.

The TiN layer had also been removed completely.

The complete SpecCtrum was measured and two kind of spectral
lines were discovered: lines whose intensity increases after
approximately 3 minutes of the process and retain their high
intensity and lines whose intensity also increases after 2
minutes but after 20 seconds of increase it drops suddenly
and remains afterwards at a low level,

Examples of the first case are the fluorine lines, fig. 30.a
shows the 704 nm line, the second case occurs only for
nitrogen lines, fig. 30.b shows the 334 nm line, the
strongest line of the spectrum,
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Figure 30 : Intensity of the 704 mm line {(a) and the 334 nm
line (b) when reaching the end of the tungsten and TiN
etching for the 100 mTorr process in PF mode,
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These intensity changes can be explained in the following
way: during tungsten etching there is a large consumption of
fluorine, which finishes when the TiN layer is reached. When
this layer is reached, the complete spectrum increases but
the N lines increase even more due to the extra N proceeding
form the etching TiN layer. When this layer has been
removed, the N line intensity decreases again.

2) The second test had the following process parameters
flows: 105 sccm NFa, 20 scom Op, pressure: 200 mTorr, power:
100 W, total etch time: 5 minutes.

The TiN layer has not been removed.

The complete spectrum was measured and in this case all the
lines increase in intensity after 2 minutes and 30 seconds;
but afterwards, no line is found whose intensity drops.
Figures 31.a and b show the 704 nm F line and 334 nm N line.
After the removal of the tungsten, all the lines of the
spectrum increase in intensity. As the etching of the TiN is
much slower than for the former process, the increase of the
N intensity is much less: compare figures 30.b and 31.b, but
beware of the scales: for the latter process the increase of
the N intensity is a factor 1.3, for the former process it
wag a factor of 1.5.
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Figure 31 : Intensity of the 704 nm line (&) and the.334 nm
line {(b) when reaching the end of the tungsten and TiN
etching for the 200 mTorr process in PF mode.
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During the etching, the voltages were also observed: their
changes, as reported before, occur during the same time
intervals as the changes of the intensities of the emission
spectrum.

These tests indicate it is very well possible to determine
end point detection both by using emission spectroscopy and
measuring the AC and DC voltages. At the same time it is
possible to have an idea of the etch rate of the TiN by
monitoring the peak in the N line.

This technique is now used to determine the etch rate of Tin
for the following process:

flows: 105 sccm NF3, 20 scem O2, pressure: 200 mTorr, power:
100 w.

We know already that the TiN etch rate is low, but it would
be interesting to determine it somewhat more precise. During
this test the intensities of the 704 nm line and the 334 nm
line were followed to determine the beginning and the end of
the etching of the TiN layer. After 2 minutes and 30 seconds
the F and N intensities increase and the absolute values of
the DC voltage increases.

After 16 minutes and 45 seconds the N intensity is still at
the same level. The etch process was stopped and the wafer
removed from the reactor: there still was TiN on it. This
means that the etch rate is less than 6 nm/min, and therefore
the gselectivity W to TiN is over 50:1.

This is just excellent.

Then we performed two extra tests to determine what the wall
profiles are when using a PECVD oxide mask, both for LF and
DF patterned tungsten layers. This test simulates much
better the situation during back etching than when using a
resist mask.

For both tests the following process was used:

flows: 52 scem NF3, 10 scom Oy, pressure: 100 mTorr, power:

100 wW.

For the LF wafer the total etch time determined by end point
detection was 3 minutes.

The intensity curves of the 704 nm and 334 nm line are
similar to the ones shown in fig. 30.

At the border of the wafer, the TiN was already completely
removed, in the center of the wafer still W could be found.
SEM analysis was performed. At the center of the wafer there
is the traditional undercut, which had been observed already
for resist patterned wafers. As shown in fig. 32, at the
border of the wafer, there is also undercut, even whem still
some W is present. This means that this process will remove
stringers during a back etch process.
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Figure 32 : Tungsten profile after PF mode etching with a
NF3 - Op plasma, using a PECVD oxide LF macgk.

For the DF wafer the total etch time determined by end point
detection was 2 minutes and 25 seconds.

The last 2 minutes of the intensity curves of the 704 nm and
334 nm line are shown in fig. 33. As there is much less free
area for this DF masked wafer, it is normal that the signals
are much less intense and that end point detection is harder
to perform. However, the fluorine line indicates the
endpoint guite well, the N line does not show an abrupt
change. Analyses with optical microscope and SEM indicate
that the tungsten and even the TiN were removed from the
whole wafer,
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Figure 33 : Intensity of the 704 nm line (a) and the 334 nm
line (b) when reaching the end of the tungsten and TiN
etching for the 100 mTorr process in PF mode.
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The profile of the tungsten wall is shown in fig. 34. It
shows that the undercut is similar as for a BF masked wafer.
Very often it occurs that for a DF masked wafer the undercut
is much more severe than for a BF masked wafer, and in those
cases this indicates a severe loading effect. The fact that
undercut for BF wafers is similar to undercut for DF wafers
indicates that the lcading effect is not pronounced for this
process.

"'-"_ — _:' —
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Figure 34 : Tungsten profile after PF mode etching with a NF3
- Oy plasma, using a PECVD oxide DF mask. { One can still

observe the original roughness of the tungsten film at the
down side of the PECVD oxide mask. )

3.4.4) The back etch process.

From all these tests we can gynthesize a complete back etch
process.

The following 3 step process was tested:

1: flow: 63 sccm LFy, pressure: 75 mTorr, power: 50 W, RIE,
time: 2 minutes

2: flows: 50 sccm NFa, 10 sccm 05, pressure: 100 mTorr,
power: 100W, PF, time determined by end point detection

3: flows: 100 sccm NFy, 20 scem O, pressure: 200 mTorr,
power: 100W, PF, overetching: typically 25% of step 2.

The first step is used because it is a very uniform process.
Half of the tungsten layer is removed by this process.

The second step is used because it is an isotropic process,
therefore the tungsten will be removed also at steps in the
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underlying layers, without any overetching at the end.
Furthermore the process is more uniform than other pF
processes.

Step three is used because of its excellent selectivity of
tungsten to TiN.

Besides, processes 2 and 3 have a reasonably low loading
effect, therefore we expect that the plugs will not be
removed.

Three wafers were etched by this sequence: a blank wafer with
no topography, a blank wafer with topography under the
tungsten and a plug wafer, with plugs at two (height) levels.

1) Blank wafer:

step 2 : 1'30", step 3: 30", the W wasg removed completely,
the TiN remained all over the wafer.

2) Wafer with topography:

step 2 : 1'43"%, step 3: 24v.

The W was completely removed, but the TiN was also etched
away at the border of the wafer: this indicates that step 2
was a little bit too long,

Analysis on the optical microscope indicates that no W is
left anymore, also not on the sides of the steps.

3) Plug wafer:

step 2 : 1'24", step 3 : 24v,

The W was completely removed and the TiN remained all over
the wafer, as shown in fig. 35.

Ml

’:'24*943§gba

Figure 35 : Overview of several plug structures, at different
heights.

SEM analysis shows that the W is removed completely, except
perhaps some small spots of the order of 200 nm, in the
center of the wafer. No stringers are observed at the steps.
Most plugs show etching at the seam. Several plugs are still
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complete, as shown in figures 35 and 36. Less than 100 nm of
tungsten has been removed at the top of the plug, even for
plugs at the highest level.

No plugs are completely removed.

Therefore it is hard to conclude if the opening in the plug
at the seam is caused by the etching or rather by the
deposition. These geams are often visible after back etch
processes, as e.g. in fig. 9 of ref [22].

We can conclude that this process seguence can be succesfully
used for back etching of tungsten.

One must observe that an extra step 1s necegsary to avoid a
tungsten oxide layer on top of the plug. This step can be an
extra etch step in RIE mode in the SWAFER, before removing
the wafer, or the process to remove the TiN layer ( which can
be an Ar sputtering process ) can be used to remove the
tungsten oxide laver.

Figure 36 : Detailed view of a plug.

3.5) Btching of sputtered tungsten.

the manual SWAFER.

The tungsten had to be etched with as little linewidth loss
as possible. Therefore tests concentrated on the process
with the highest selectivity in RIE: pure SFg.

The main results are:

Etch rate is 50% higher than for CVD deposited tungsten.
Sputtered W and TiW etch at approximately the same etch rate.
From these we calculated the etch time to clear the 350 nm to
be 1 minute and 15 seconds.

Uniformity of the etch rate is 90% or better.
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The tungsten surface is very smooth. ( This facilitates the
step height measurements very much and it is possible that
the better uniformity result for sputtered tungsten than for
CVD tungsten is only caused by the more precise measurements
of the tungsten etch rate.)

When etching was performed until the surface was cleared,
without any overetching, the tungsten and TiW walls are
perfectly vertical, but a small foot of approximately 0.1 pm
can be found at the TiW-Si0, interface.

An overetch of 20% cleared this foot completely and did not
cause any linewidth loss.

Linewidth measurements in a low voltage linewidth measurement
gEM showed a linewidth loss of less than 0.05 um.

3.6) General overview and conclusions.

In the SWAFER, etch rates, selectivities and uniformities of
tungsten etch processes have been investigated as a function
of used gases ( NF3, 02, SFg), flows ( 20 to 125 sccm Y,
pressure { 40 to 400 mTorr ), applied power (50 to 200 W )
and etch modes. The influences of the used gases and etch
modes are the following:

1. SFg-02 in RIE mode.

The effect of the Oz content on the tungsten etch rate is
shown in figures 3 and 4.

The uniformity of the tungsten etch rate increases with
decreasing pressure but is not dependent on power Or gJas
flows. Maximum etch rate is always at the border, minimum
etch rate is always at the center of the wafer.

The selectivity of tungsten etch rate towards photoresist and
silicon dioxide etch rates decreases with increasing power
and decreasing pressure. At 150 mTorr and 50 W power,
selectivity towards resist is 1.1:1 with pure SFg, but
decreases with O content, selectivity towards silicon
dioxide is of the order of 2:1, independent of gas flows.
The tungsten side wall is vertical. For some process
conditions a negative slope can be cbserved.

End point can be detected by cbserving the voltages and the
F-line, similar to the NF3-0p processes.

The results indicate that some effect occurs in time : the
etch rate (nearly) always decreases, for all the processes.
This can be due to the formation of a passivation layer in
the reactor.

2. NF3-02 in RIE mode.

The effect of the O content on the tungsten etch rate is
shown in fig. 9. The etch rate always increases with applied
power. When the pressure decreases below 100 mTorr, the etch
rate also starts to decrease.

Trends for selectivities and uniformity are similar as for
SFg-02 plasmas, but selectivities toward photoresist are
typically 20% lower. Selectivity towards TiW and TiN is of
the order of 1:1.
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The tungsten sidewall is vertical for all the investigated
etchings. When a photoresist mask is used, no undercut
occurs. When a silicon dioxide mask is used, a slight
undercut of approximately 100 nm is observed, as shown in
fig. 29. This undercut occurs already during the etching, as
it can be observed also when the W film is not yet completely
etched.

End point can be detected through the observation of AC and
DC voltages and through optical emission spectroscopy. When
the TiN layer is reached, both AC and DC voltages decrease
significantly, typically with 10%. With an optical
spectrometer, it can be observed that both F lines (e.g. at
704 mm) and N lines {e.g. at 334 nm) increase in intensity.
When the TiN layer is removed, the voltages and the F line
intensity remain constant but the N lines intensity decreases
sharply, as shown in fig. 30.

3, NF3-02 in PF mode.

A: Processes with pressures higher than 100 mTorr.

The effect of the Oz content on the polysilicon and tungsten
etch rate is shown in fig. 13.

The presence of photoresist is of major influence for the
etch rate. A light field patterned wafer with 5% resist
coverage etches 50% faster than a dark field patterned wafer
with 95% resist coverage. This 1s the inverse of what is
observed in most other systems.

For a blank wafer, the tungsten etch rate is always higher at
the border than in the center of the wafer, typically 15%.
When the outer 8 mm of the wafer were covered with resist,
the etch rate near this resist area is typically 20% lower
than at the center of the wafer. 1In this case the maximum
etch rate is found halfway between the center and the border
of the wafer.

For a dark field wafer, the etch rate does not increase with
power; for a light field it does, but less than for RIE
plasmas. The influence of changing pressure is similar to
the change of power.

As indicated above, the main factor that determines the
uniformity of the tungsten etch rate is the presence of
resist. Uniformities better than 90 % are obtained for
several process conditions for wafers patterned with a light
field mask and with edge bead remcval.

For wafers with light field resist pattern or nc resist, the
uniformity ameliorates somewhat with decreasing power but
strongly with decreasing pressure. For blank wzfer
uniformities range from 90 % at 100 mTorr to 8C % a
mTorr for a diameter of 115 mm.

For plasmas with oxygen flow from 5% to 50% of the total
flow, selectivities towards photoresist and silicon dioxide
are much higher than for RIE plasmas. They decrease with
decreasing pressure, but are rather independent of power and
gas flows. For 200 mTorr pressure processes, selectivities
towards resist and silicon dioxide are over 15:1.

The TiW barrier etches in a similar way as the W layer. 'The
TiN barrier layer resists the PF etching extremely well:

o
-
T
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gselectivities of W to TiN etching are always over 10:1. For
200 mTorr processes selectivity is over 50:1.

The tungsten etching is always isotropic. When overetching
for longer times, undercut decreases, eventually leading to a
vertical tungsten wall. Undercut is strongly dependent on
the gas flows, pressure and power. In general, undercut is
more severe for processes with higher etch rates.

Some tests were performed on wafers with a PECVD oxide mask.
With a light field oxide mask, etch rates are similar to the
etch rates of wafers with a light field resist mask. With a
dark field oxide mask (95 % coverage), the etch rates are
typically 50 % higher.

Undercut ig the same for all these masks: the horizontal etch
rate is not faster with a dark field oxide mask.

End point detection can be performed in the same way as for
RIE plasmas.

When wafers which have been exposed to these plasmas leave
the reactor and come into air, several phenomena occur:

- a tungsten oxide layer is formed on top of the tungsten
- on top of the resist occurs popping of a polymer which was
deposited during the etching.

The formation of all these layers can be avoided by applving
a RIE plasma of a few seconds to the wafer, just before it
leaves the reactor.

The layer on top of the W film inhibits (or at least delays)
further etching of these films in PF mode.

These layers can be removed by a RIE plasma, but at a 25
times lower rate than their original filmsg.

2uger analysis was performed on wafers which received a PF
etching. No fluorine is detected in wafers which remained in
air ambient during several minutes after the etching. On the
other hand, oxygen is detected as shown in figures 18 and 19.
Oxygen content decreases with depth within the tungsten film,
while the tungsten content increases. The oxygen
concentration decreases to 50% of its surface concentration
at a depth of approximately 15 nm.

When the etched wafer was moved from etch reactor to the
Auger Electron Spectrometer (AES) in a nitrogen ambient,
fluorine was detected as shown in figures 21 and 22. When
loading the sample into the AES, contact with air could not
be avoided. Therefore O entered also in the upper tungsten
layers. The F concentration decreases 1in a similar way as
the ¢ concentration in this sample and alsgso as in the sample
which was exposed to alr for several minutes. The W
concentration increases in the same way as the W
concentrations in the sample that remained into air.

B: Procegses with pressures lcower than 70 mTorr:

At these pressures, the plasma behaves somewhat similar to an
RIE plasma: the selectivities towards resist are of the order
of 1:1, the uniformity is better than 92 % for a 115 mm
diameter, no undercut is observed for resist coated wafers,
no tungsten oxide is formed, no popping can be observed on
top of the resist layer. The tungsten etch rate is however a
factor of 2 lower than for RIE plasmas.



4. SFg-02 in PF mode.

To obtain tungsten etch rates of the same order of magnitude
as for NF3-02 plasmas in the PF mode, the applied AF power
has to be increased by a factor of three. No oxidation of the
wafer was observed, even after the etched wafer came in
contact with air.

A Dback etch process for obtaining tungsten plugs was
developed, with good results, as shown in figuresg 35 and 36.

In the SWAFER, wafers were etched with CVD tungsten deposited
in equipment from three different manufacturers. All the
trends were similar. Etch rates differ maximally 10%. The
main influence is the tungsten deposition temperature: the
higher this temperature, the lower the etch rate.

A few sputter deposited wafers were etched: the trends were
also similar, but the etch rates are typically 50% higher
than for CVD deposited tungsten films.
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Appendix III : Etch Processes in the Matrix 303,
2 few tests were done in a Matrix 303 etcher.
1) Equipment.

This eguipment is an afterglow system, similar to the one
described in ref [1] and schematically depicted in fig. 1.
The RF power { at 13,56 MHz) is capacitively applied at the
upper part of the reactor. The lower part of the reactor is
separated from the upper part by a grid so that the wafer is
not imbedded in the plasma. Temperature of the chuck on
which the wafer rests can be controlled, up to 200°C. The
main application of this equipment ig in the isotropic
etching of oxides.

PRC)C{‘:SS
OPTICAL WINDOW - OAS Y
- 3
[ uj 1
RF ELECTRODE - 1 —r1 S— ] }
INSULATOR \>Q f S§§
N N SHOWER
N N HEAD
1 E—
t DOUBLE
GRID
..........1 }_;___.._

GROUNDED LOWER ELECTRODE
YACUUM BAFFLE
VACUUM PORT

Figure 1 : Schematic presentaticn of the Matrix 302 model.
2) EBEtch tests

As this egquipment is some kind of an afterglow plasma etcher,
etching is purely chemical. Therefore the etch
characteristics should be somewhat similar to the ones
obtained in PF mode in the SWAFER. Etch tests were done with
NF3 containing mixtures to verify the colouration effects, as
shown in table I. The wafer was removed after steps of 30
seconds of plasma from the reactor, to observe better what
happens.



Table I : Process parameters for colouration tests

Test NF3 Flow O, Flow He Flow Pregsure Fower Temp
{scom] {scom] [scem] [mTorr] fw] [°c)

1 50 10 20 BOO 300 50
50 0 45 800 300 50

3 50 10 15 800 300 50

The observations of the colouration after each etch step of
30 seconds are the following

Test 1

- 30 seconds: no colouration, but the wafer remained little
time in air.

- extra 30 seconds: colouration starts when the wafer ig 60
seconds in air.

Two regions could be observed : the center region obtains a
blue colour, while the outer region becomsz:z rather brownish.
Test 2

- after 2 steps of 30 seconds : only some local colouration
- after 2 extra steps of 30 seconds, the whole border becomes
coloured, when left a few tens of seconds in the air.

Tegt 3

- one step of 30 seconds : there is colouration already, in
the same way as in process 1, when the wafer is left long
enough in the air.

3) Conclusions

Oxidation of the tungsten layer happens also after etching in
this equipment, not only in the SWAFER. The colouration
clearly occurs outside the reactor, in the air ambient. The
presence of oxygen in the plasma is not necessary for
obtaining an oxide. As plasmas from tests 1 and 3 generate
pbrobably much more ¥ than the plasma of process 2, there
will be more F diffusion into the tungsten and therefore a
thicker oxide is formed.

On the contrary of the SWAFER, where oxidation occurs very
quickly once the wafer arrives in the air, here it takes more
time. It is possible that the little bombardment, caused by
the plasma sheath in the SWAFER makes the upper layers of the
tungsten a bit more porous, therefore permitting the oxygen,
or the water vapour, to diffuse faster intc the tungsten, as
explained in more detail in appendix V.

Reference
[1] W. Ostrout, S. Hunkler, S. Ward,"Enhanced Process Control

of Submicron Contact Definition®, Proceedings of SPIE, Vol
1392, eds. Bondur, Turner {(1991), 151.
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Appendix IV : Etch Processes in the TEGAL 15XX.

Introduction

The use of tungsten as material in Integrated Circuit
fabrication is becoming more and more important. The main
application at the moment is the use of tungsten plugs. To
obtain these structuresg, in general an etch back step is
used, as explained in appendix I.

Tungsten etch back processes had been developed on the
precursor of the 15xx, the Tegal 1500. The main change is
that this new equipment has a magnetically confined plasma,
therefore, one expects higher etch rates and better
selectivities towards the underlying layers. It isg necessary
to characterize first this new reactor, before developing
tungsten etch processes. In this chapter, characterization
of SFg-Op plasmas was done first by actinometry, then through

analysis of polysilicon etch processes and then specific
tests were performed on tungsten layers, to obtain a good
etch back process.

1) BEquipment.

The Tegal 15xx etch eguipment used for these etchings ig a
prototype of a future commercially avallable eguipment. It
is for the moment sort of one of a kind, though in ref. [1] a
description of a similar egquipment is given.

In fact it is an upgrade of TEGAL's traditional 1500 Series.
The main difference is that in this machine, 2 series of
magnets are placed: 1 on the upper electrode and one around
the vertical walls of the reactor as shown in £ig 1. 1In this
way a very efficient magnetic confinement has been obtained :
therefore this kind of eguipment is called a Magnetically
Confined Reactor (MCR}. No magnets are placed near the lower
electrode.

The upper electrode is always grounded: its diameter is
large, approximately 50 cm.

There are several ways to apply power, as shown in fig. l.c.
In Triode I mode, 13.56 MHz RF power is applied to the walls
of the reactor.

In Triode II mode, 13.56 MHz RF power 1g applied to the
bottom electrode, which has a diameter a little bit larger
than the 125 mm wafer.

In both modes, 100 kHz power zan be applied to the bottom
electrode.

When no 100 kHz power is applied to the bottom electrode in
Triode I mode, one can consider that this electrode ig
floating, as the matching networks form very high impedances.
In this way, we can comparc the Tricde I mode, without any
AF, with the PP mode of the SWAFER and the Triode II mode
with the RIE mode of the SWAFER, though one should not forget
that for the SWAFER all power is applied at 25 kHz.

The bottom electrode can be cooled or heated. To promote
heat transfer, He flows between the clamped wafer and the
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electrode. The He backside pressure can be regulated : its
maximum is 5 Torr. In all these tests, the electrode was
cooled to 20°C.

There are & gases available: CFy4, SFg, Cly, HBr, HCl, Ny, Os,

Ar. No NF3 was available.
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Figure 1 : Top view (a) and side view (b) of the Triode
reactor with magnetic confinement.
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Figure l.c : RF and AF configurations.
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2 Preliminary tests.

Before the tests we shall describe below, some other tests
were performed to characterize the equipment somewhat and to
transfer a tungsten back etch process from another system to
this one.

Tests were done primarily with a SFg-O, chemistry. In these
series of tests high selectivities towards photoresist were
obtained both in Triode I as in Triode II mode. The resist
etch rate increases more when 100 kHz AF power is applied to
the lower electrode. Both W and resist etch rates increase
when the He backside pressure is reduced to less than 5 Torr,
with decrease of selectivity of W to resist. Therefore it
was decided to leave the He backside pressure constant at 5
Torr.

These first results were very promising for vertical profile
etching: in Triode II, with a SFg-0, chemistry, vertical

etching of the tungsten was obtained with selectivity towards
the resist of over 4:1. Unfortunately, these tests proved
non reproducible later. As we shall discuss later,
passivation of the reactor is a probable cause of this non
reproducibility.

3 Actinometry measurements.

As no large parameter range characterization of the machine
had been done, a series of actinometry measurements were
performed in a large parameter range

- gas flows: SFg : 20 sccm to 80 scom, Oy : 0 to 16 scem { ©
to 80% of its maximum flow of 20 scom of the used mass flow
meter );

- pressure : 10 mTerr { minimum pressure for 96 scem of flow
is 9.5 mTorr ) to 25 mTorr ( which is approximately the
highest pressure at which the magnetic confinement is still
effective );

- power : at 13.56 MHz : 400 W to 700 W both Triode I (TrI)
as Triode ITI (TrII), at 100 kHz : only 2 values : 0 W and 50
W.

Through the use of statistical design, the number of tests is
reduced. The Responge Surface Method (RSM) method was used
for these test designs, because a large parameter area is
investigated. This method is adeguate for a screening test.
A guadratic model was applied, which is a compromise between
the accuracy/precision of the results and the number of
tests. The accuracy can be evaluated through the correlation

factor R? and analysis of variances, as explained in appendix
I. In general, the results of these tests showed to be
reliable.

A comnercially available programme for statistical design of
experiments, RS/Discover from BBN Software Products
Corporation, was used to determine the test points and to
analyse the results. These results can be shown in tables,
graphs and formulas, using the RS/Explore and RS/1 programmes
from the same company.
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Most actinometry experiments use the 704 nm line to measure
the intensity of the fluorine, Ig, and the 750 nm line to

determine the intensity of the argon, Ipy. In these

experiments the signal to noise ratio of the 750 nm line
signal was very low. Therefore the 637 nm Ar line was used.
The main drawback to use the 697 nm line is that the light
intensity which comes from the plasma at 697 nm is not zero
when no Ar flows in the reactor. This light comes mainly
from other strong emission peaks in the neighbourhood of the
697 nm line, e.g. from the 704 nm F line. As the increase of
the 697 nm line intensity was linear with increasing Ar flow,
it was possible to circumvent this problem by using the
following method.

The intensity of the 697 nm line ( and of the 704 nm line
also ) was measured for 4 plasmas with 4 different Ar flows
0 sccm, 0.7 scem, 1.7 scem and 2.8 scem : each plasma lasts
for 30 seconds with intervals of 10 s to stabilize the gas
flows of the following plasma. Figure 2 shows the
intensities of the 704 nm line and the 697 nm line of the
plasmas with constant SFg and Op flows and Ar flows of in
chronological order 0 scem, 0.7 sccam, 1.7 scem and 2.8 scom.
The F intensity remains quite constant, while the Ar
intensity increases.

Fgl »x 198~3
Eg2 » 10~3

Figure 2 : Intensity of F (Al) and Ar (A2) peaks for Ar flows
of 0, 0.7, 1.7 and 2.8 scam.

an average of the argon intengities per argon flow was made
and this was then plotted as a function of Ar flow, as shown
in fig. 3 ( The Ar mass flow controller (MFC) available was a
5 gccm Np MFC. As the thermal coefficient of Ar is 1.4 this
means that 7 sccm of Ar can pass through it. As the minimum
controllable flow through a MFC is typically 10% of its
maximum value, 0.7 sccm of Ar was chosen as the first value.
In the abcissa of fig. 3 is shown the percentage of maximum
flow of Ar.)

On this plot a linear regression was performed. The value of
Iay to be used in the expression Ip/Ipry was determined in the

following way ( for historical reasons ) : the product of
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gradient of the regression with 0.5 times the total SFg-0p
flow ( in sccm ). For the example shown in fig. 3 the SFg
flow was 50 scem, the 0, flow was 8 scem.

The cobtained Ip, value therefore was:

0.057 x 0.5 x 58 = 1.65.

15

T .
y = 12.106 + 5.7007e-2 R*2 = 0.999

o

14

Intensity

13

Ar

1 /] i 1 i I

0 10 20 30 40 50
Ar flow as percentage of maximum flow

12

Figure 3 : Intensity of the Ar 697 nm line as a fuction of Ar
flow, with linear regression.

An estimation of the error of the Ip/Ip, guotient can be made

in the following way. For the example in fig. 2 for which
the flows were 80 sccm of SFg and 0 sccm of O3, one can

determine that:

Ip = 65 * 1.5 (A.U.)
Iaryy = 14 + 0.4 (A.U.)

Iprga = 17.5 & 0.4 (A.U.)

(These values were obtained by averaging 10 measurement
points. )}

IAI'@ - IAI'J_ = 3.5 j: 0.8 (A.U.)

Then IF/IAI' = 19 + 25%

Through a linear regression through z points ( in this casge
to obtain the Iz, value ), we estimate that the error is a
factor (z)l/2 lower, if the correlation factor RZ2 is at least
0.99. In this case that would mean that the error is a
factor of 2 lower : Ip/Ip, = 19 +- 13%, for this example.

This example was a worst case example., In general the signal
to noise of the Ar signal is better and/or the difference
Iarx - Iar: is larger, in this way decreasing the relative

error. In general the error of Ip/Ip, is less than 10%.
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When the correlation factor of the linear regression for
determination of the Ipn, signal was lower than 0.99, the test

was repeated. ( The difference of the final results with the
previous results was always less than 10%.)

To determine the final Ip/Ipy, value, the pressure has to be
taken intoc account, as explained in appendix I. For our
calculations a multiplication by 10% of the pressure (in
mTorr} was performed. For the example in fig. 3 : the
pressure was 18 mTorr. As Iy was 30, the final Ip/Ip, value
is:

30 x 1.8 / 1.65 = 33

The emigsion spectrometer used for these experiments was a
EG&E Princeton Applied Research model 1470.

As substrate, always a bare 125 mm silicon wafer was used.

The results of the actinometry measurements are shown in
table I, the fluorine concentrations are all in arbitrary

units.

Table I : Overview of ¥ concentration in function of process
parameters.

Nr Gas flows Press RF Fluorine Concentration
SFg O Power in [A.U.] at
[% of (% of [wW} oW oW 50W 5CW
100 20 [mTorr] AF AF AF AF
scem] scom} TrI Trit Tri Tril
1 80 80 25 T50 64 50 62 45
2 80 40 i8 575 54 36 59 3z
3 80 ¢ 25 400 53 28 48 27
4 20 80 10 75C i8 1@ 17 19
5 20 40 is 575 35 24 490 2z
6 20 G 25 400 64 30 52 35
7 80 ¢ 10 750 46 25 51 iy
g 20 G 10 750 25 25 22 22
g 20 80 25 750 26 34 26 3c
10 50 40 18 575 33 37 34 29
11 20 80 10 400 16 14 16 13
12 80 G 10 400 40 17 34 1
13 50 0 18 575 47 3l 41 28
14 50 80 18 575 40 30 47 28
15 50 40 18 575 as 29 35 3
1¢e 50 40 18 400 39 26 35 z25
17 20 G 1C 400 25 22 23 =2
18 50 40 10 575 24 18 26 18
19 80 a0 10 4Q0 27 17 33 7
20 50 40 18 750 37 38 33 2z
21 20 ¢ 25 750 56 65 51 =23
22 20 ac 25 400 55 40 51 38

23 50 40 25 575 52 40 44 41
24 80 80 10 750 34 21 42 20

25 80 80 25 400 66 37 52 33
26 80 0 25 750 83 50 84 41

The general trends are the following:

1} Nearly no difference between 0 W AF and 50 W AF power is
observed. Though the values of Ip and Ip, are typically 30%
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lower for plasmas with 50 W AF power, the difference in
Ip/Ipy between O W and 50 W AF is much less, typically 10%.
2) In this range of RF power, the F concentration does not
change much with RF power.

3) In Triode I more F is generated than in Triode II mode.
4) Pressure increase leads to F concentration increase.

5) The influence of SFg and O; flows depends on the type of
plasma and the values of the flows themselves.

The results of the 4 etch modes ( Triode I and II, with and
without 50 W AF power) will be discussed now in more detail.

a) Triode I, 0 W AF,

The correlation factor R2 = 0.90, and the analysis of
variances F(10,1) = 0.9947 show that the model fits well
the experimental data.

The overall trends are shown in fig. 4.

Increase of SFg flow increases the F content, at SFg flows

higher than 32 sccm; increase of O flow decreases F content,

increase of pressure increases the F content, increase of RF
power does not change the F content, for powers higher than
497 W.

SF6: 32 to 89 t l

02: @ to 80 [~4wu—]
PR- 10 to 25 l—‘)h‘i

HF : 497 to 75@ | r———"“——1 \

-48 -28 2 ze 40 151%]

Figure 4 : Overall trends of the F concentration as function
of SFg flow, Op flow, pressure and RF power in Triode I

mode, for 0 W AF. The abcissa indicates the increase of the
F content, a negative value indicates a decrease.

Figure 5 shows that at lower SFg flows the F content
decreases with SFg flow, but increases at higher SFg flows.
It shows that for high SFg flows, the traditional influence
of 05 on the F generation can be found. For low Oy flows the
F concentration increases due to a more efficient
decomposition of the SFg molecule. At higher 0, flows a
dilution effect occurs, thereby decreasing the F
concentration. This behaviour is not found at low SFg flows.

For these flows, the magnetically confined plasma is so
efficient in the decomposition of the SFg molecules that the

addition of oxygen increases much less the formation of the
free fluorine : mainly a dilution effect occurs. At higher
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SFg flows, the decomposition of the SFg molecules is not as
complete, therefore the oxygen influences the free fluorine
generation as explained above.

Figure 6 shows that the F concentration is nearly independent
of RF power and approximately linearly dependent on pressure.
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Figure 5 : Contourplot of F concentration in A.U, as a
function of SFg flows and 0, flows, at fixed pressure of 17.5

mTorr, Triode I mode, 400 W RF and OW AF power.
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Figure 6 : Contourplot of F concentration in A.U. as a
function of pressure and power for a SFg flow of 40 sccm and

an 0, flow of 8 scocm, Triode I mode, OW AF power.
b} Triode I 50 W AF

The correlation factor R? = 0.85 and the analysis of
variances ¥ (10,1 ) = 206.9 show that the model does not fit
well the experimental data. Therefore one has to be careful
in the analysis of the results. 1In this case it is more
secure to compare these plasmas with the corresponding
plasmas at 0 W and evaluate if the same trends are valid.
One can indeed assume that applying AF power to the lower
electrode when RF power is applied to the walls of the
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reactor will not influence very much the creation of free
fluorine, but will enhance the ion bombardment, in this way
increasing the etch rate of most thin films.

Table I shows indeed that the general trends are the same and
that the absolute values are always of the same order of
magnitude.

For sake of completeness, the results of the analysis are
given below:

The overall trends are shown in fig. 7.

Increase of SFg flow increases the F content, at SFg flows
higher than 44 sccm; increase of Oy flow does not influence
very much the F content, with a tendency to decreage it a
little bit; increase of pressure increases the F content,
increase of RF power does not change the F content much, for
powers lower than 604 W.

e
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Figure 7 : Overall trends of the F concentration as function
of SFg flow, O flow, pressure and RF power in Triode I mode,

for 50 W AF. The abcissa indicates the increase of the F
content, a negative value indicates a decrease.

To do a more succesfull statistical analysis, a higher order
model should be used. This means more tests. FoOr our purpose
here, we assume that the concordance between the plasmas with
and without AF power should be quite good.

c¢) Triode 1II 0 W AF

The correlation factor R2 = (.88, and the analysis of
variances F(10,1) = 1.10 indicate that the model fits well
the experimental data. However one must take care with the
analysis of variance as the reproducibility test for this
mode was rather bad, as shown in table 1 by tests 10 and 15.
This influences the analysis of variances so that it will
indicate a good fit, even when the fit would be rather poor.
The high correlation factor however indicates that the model
is probably quite adequate.

The overall trends are shown in fig. 8.

Increase of SFg flow does not significantly influence the F
content; the same is valid for the 0 flow; increase of

pressure increases the F content, increase of RF power
increases the free F concentration, contrary to the results
for Triode I mode.

It is clear from these results that the generation of free
fluorine in Triode II mode is quite different from the
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generation in Triode I mode. The main difference between the
two modes which will mostly influence the generation of the F
is the area of the powered electrodes, which is more than a
factor of 5 larger in Triode I than in Triode II. Though the
electric fields are less uniform in Triode I mode than in
Triode II mode, the fact that magnets are places all along
the wall of the reactor, helps very much to form a
homogeneous and intense plasma in Triode I mode. These two
factors together help to obtain a more intense plasma in the
reactor in Triode I mode than in Triode II mode, what results
in higher F concentrations.

[ 1
SF6: 28 to 60 I + — ' '
02: @ to 80 } : !
PR: 10 to 25 . } — |
HF . 400 {o 75' { } IE! !; {
-20 -10 e 10 20 30 40

Figure 8 : Overall trends of the F concentration as function
of SFg flow, O flow, pressure and RF power in Triode II
mode, for 0 W AF. The abcissa indicates the increase of the
F content, a negative value indicates a decrease.

Some more detailed results are shown in fig. 9 and fig 10.
The influence of the flows is clearly much less than the
influence of pressure and even than the power. F
concentration is approximately proportional to the pressure.

} !

T /a

2 40

Figure 9 : Contourplot of F concentration in A.U. as a
function of SFg flows and O, flows, at fixed pressure of 17,5

mTorr, Triode II mode, 400 W RF and OW AF power.
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Figure 10 : Contourplot of F concentration in A.U. as a
function of pressure and power for a SFg flow of 40 scom and

an O; flow of 8 sccm, Triode IT mode, OW AF power.
d} Triode II 50 W AF

The correlation factor RZ = 0.90, and the analysis of
variances F(10,1) = 13.2 show that the model fits well the
experimental data.

The overall trends are shown in fig. 11.

Increase of SFg flow does not influence the F content for SFg
flows lower than 50 sccm; the same yields for the 0, flow ;
increase of pressure increases the F content, increase of RF
power increases the F content slightly for powers higher than
471 W. The general trends for Triode II, 50 W are remarkably
similar to the ones for Triode II, 0 W AF, as the comparison
of fig. 8 with fig. 11 shows,

I 1 13
SF6: 20 to 50 ' " — ! '
02: 31 to 80 | : |
PR: 18 to 25 . p——t—
HE: 471 to 750 ; } | {
-20 -1e ) 10 20 ae

Figure 11 : Overall trends of the F concentration as function
of SFg flow, 0, flow, pressure and RF power in Triode II

mode, for 50 W AF. The abcissa indicates the increase of the
F content, a negative value indicates a decrease.

Figures 12 and 13 show a more detailed analysis.
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Figure 12 shows very well the influence of the 03 on the F
generation. For low O, flows the F concentration increases
due to a more effective decomposition of the SFg molecule.

At higher O; flows a dilution effect occurs, thereby
decreasing the F concentration. It is clear that the 0, flow

at which maximum free F concentration ie found, increases
with increasing SFg flow, as can be seen in both figures.

Once again, the influence of the SFg flow is not very
pronounced, whereas the influence of pressure is great, as
shown in fig. 13.
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Figure 12 : Contourplot of F concentration in A.U. as a
function of SFg flows and O, flows, at fixed pressure of 17.5

mTorr, Triode II mode, 400 W RF and 50W AF power.
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Figure 13 : Contourplot of F concentration in A.U. as a
function of pressure and power for a SFg flow of 40 sccm and

an Oy flow of 8 sccm, Triode IT mode, 50W AF power.

The results with and without 50 W AF are very similar, as can
be expected: the extra 50 W AF, applied at the same electrode
as the RF, will not influence very much the formation of the
free F.
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e) General conclusion on the addition of oxygen

The increase of free F concentration through addition of 02
is much less than found in the SWAFER or in the literature
for traditional, non MCR systems. Due to the magnetic
confinement, the decomposition of the mother molecules is
much more efficient in MCR systems than in traditional RIE or
PE systems. Therefore, the addition of 0Oy does influence
much less, and in general works rather as a dilution element
than as a F increasing element.

4) Polysilicon etching.

It is well reported that tungsten etching and silicon etching
behave quite similar. As it is much simpler to obtain wafers
with a polysilicon layer than with a tungsten layer and as
measurement of the etch rates and uniformities is much
simpler, it is useful to perform some polysilicon etchings
before etching tungsten wafers, to obtain more information on
processing in this machine. Besides, comparison of the
results of polysilicon etching with the results of the
tungsten etching will tell us more about etch mechanisms.

125 mm <100> wafers were used, on which 15 nm dry thermal
oxide was grown and afterwards a 400 nm thick undoped
polysilicon layer was deposited.

Measurement of the thickness of the polysilicon layers before
and after etching were performed on an optical thickness
measurement system : Prometrix 200 MS Spectramap.

The same software programme was used for the statistical
design but the parameter range was reduced : the RF power was
fixed at 400 W and the AF power at 0 W.

The results of the test are shown in table IT.

Table II : overview of polysilicon etch rate in function of
process parameters

Nr SFg flow O, flow Press Etch rates

[¥ of 100 [% of 20 Trl Tril

scom] socm} [mTorr] [nm/min] Inm/min)
1 50 40 25 1169 802
2 20 G 25 592 476
3 50 40 10 1133 748
4 20 0 10 638 471
5 20 80 25 554 504
6 20 40 18 687 542
7 50 490 18 1201 802
8 20 80 10 574 445
9 50 B0 18 1145 758
i0 80 40 18 1402 927
11 50 0 18 10659 750
12 80 0 10 1362 811
13 80 80 106 1378 853
14 80 G 25 1250 803
i5 50 40 18 1269 782
16 80 B0 25 1540 904
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The general trends are the following:

1) In Triode I mode the polysilicon etches faster than in
Triode I1 mode.

2) The pressure is not important for the average etch rate,
but is important for the uniformity of the etching.
Uniformity increases from 0.70 to 0.90 in Triode II mode when
decreasing pressure from 25 mTorr to 10 mTorr, analogue
results can be found for Triode I mode.

3) The most important factor for the increase in etch rate is
the flow of SFg. The etch rate increases the most with SFg
flow at low SFg flows.

4) At low 05 flows the etchrate increases with 0, flow, at
higher flows the etch rate decreases with O, flow,

5) we did some tests at higher RF power and with AF power
applied to the lower electrode, but the etch rate increase
was minimal, certainly at low SFg flows.

The results of Triode I and Triode II modes will be discussed
in more detail now.

a) Triode I etching.

The correlation factor R2 = 0.909 and the analysis of
variances F{(5,1) = 1.525 show that the model fits well the
experimental data.

The overall trends are shown in fig. 14.
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Figure 14 : Overall trends of the polysilicon etch rate as
function of SFg flow, Os flow and pressure in Triode I mode.
The abcissa indicates the increase of the etch rate in A/min,
a negative value indicates a decrease.

The dominant factor is the SFg flow: increase from 20 to 80
sccom more than doubles the etch rate., The oxygen flow does
not influence the etch rate considerably; there also is
little influence from the pressure.

Figures 15 and 16 show these trends in more detail.

It can be observed that the etch rate increases more with SFg

at lower SFg flows. The influence of the O, in etch rate is
very similar to what is discussed in the chapter on the
actinometry tests above for the Triode II, 50W AF series.
The SFg flow is the main etch rate determining parameter.
This becomes very clear by calculating how much fluor is
consumed on the wafer for the different SFg flows. The
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calculation procedure is explained in appendix I. For 20
sccm of SFg and no Op, the etch rates are around 600 nm/min,
while for 80 sccem of SFg and no O, the etch rates are around
1300 nm/min. It can be calculated that for the first case
approximately 55 sccem of F is consumed, which means nearly 1
of every 2 F atoms that enter the reactor, for 1300 nm/min
120 scem of F is consumed, or approximately 1 in 4.

An efficiency of 1 in 2 - i.e. 50% of the available F atoms
are used to remove the 8i - is extremely high! This means
this plasma is very efficient in decomposing the SFg gas.
The magnetic confinement is very efficiently working in this
reactor. But the consequence is also that enough F must be
available which means that the incoming flows must be
sufficiently high to furnish all this free fluorine.
Therefore the SFg flow is the most important factor - input

parameter for the etch rate.
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Figure 15 : Contourplot of polysilicon etch rate in A/min as
a function of SFg flows and O, flows, at fixed pressure of
17,5 mTorr, Triode I mode, 400 W RF and OW AF power,
25 l ; t } t } } ; i } ;
P 2e- 1
R *
E R
s
S 1<H200 7000 8000 S0BR  tpoee 11600 12000 13000 P -+
\\ \\ \\ \\ \ \\\ \\\ \\\\\ \\\‘
10 ; } ; ; \\i ; ; i } } }
2e 25 36 35 4@ 45 sSe 55 60 65 78 73 ge

SF6

Figure 16 :

Contourplot of polysilicon etch rate in A/min as

a function of SFg flows and pressure, at fixed oxygen flow of

16 scem, Triode I mode, 400 W RF and 0W AF power.
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The etch rate increases with Op at lower O; flows because of
increase in the decomposition of the SFg molecule. At higher
0O, flows the etch rate decreases because of the dilution
effect of the Op flow. The influence of the O, flow is more
outspoken at higher SFg flows because at these higher flows

the oxygen increases the free fluorine concentration much
more than at low flows, as discussed in item 3 above.
Pressure influences the etch rate only very little; the
relative changes are the same all over the SFg flow range.

The largest influence of the pressure is on the uniformity of
the polysilicon etching. All polysilicon etchings with a 25
mTorr pressure have uniformities between 0.45 and 0.55, the
18 mTorr etchings have a 0.62 uniformity and the 10 mTorr
etchings have uniformities between 0.72 and 0.75. The
pressure is clearly the most determining factor. The
uniformity increase with lower pressure can be explained by
the fact that the diffusion coefficient is inversely
proportional to the pressure: therefore at the lower
pressure, diffusion of fluor is much higher. What limits the
etch rate is the fact that the free fluorine must reach the
wafer surface. When the diffusion ceoefficient is higher,
this will happen easier and the fluorine concentration
gradients will be lower. The nonuniformity will be caused by
a F gradient, which will be lower at this higher diffusion
coefficient at lower pressures.

Besides these etch tests some extra tests were performed to
test some trends found in the actinometry tests.

The first test was done to determine if the etch time
influences the etch rate. Three different times yielded a
difference of less than 3% between highest and lowest etch
rate, though the etch time was doubled. Therefore we may
conclude that the etch time is not an etch rate determining
parameter.

The other results are shown in table III. The uniformity is
defined as the minimum etch rate at the wafer divided by the
maximum etch rate.

Table IIT : overview of polysilicon etch rate in function of
SFg - Op flows and different pressures in Triode I mode.

Nr SFg flow Oz flow Pressure Etch rate Uniformity
[sccm] [scom] [mTorr} [am/min} [%]
1 gG 6 10 1482 69
2 48 48 10 679 61
3 70 26 10 1355 73
4 80 16 10 1374 T4
5 96 ¢ 10 14490 71
& 48 0 10 1109 73
7 96 33 16 1349 72
8 50 8 25 1169 54
g 50 8 10 1133 76
10 50 8 18 1201 (%]
11 50 16 18 1145 70
12 50 0 18 1069 68
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The main purpose of the first 7 tests was to investigate how
etch rate and uniformity would change with still higher SFg

flow and higher O, flow { before these tests the maximum O
flow was only 16 sccm ).

These tests in fact confirm the fact that the SFg flow is by
far the most determining factor. They show more clearly than
the tests done before that the O, flow increases the etch

rate only at low Op flows. Tests 1,3,4,5 and even 7 show a
maximum etch rate for 6 scem of Op, at 16 scem the etch rate
decreases, decreasing even somewhat more at 26 sccm of 0j.

Tests 10, 11 and 12 show an analogue result. One should
however observe that the F consumption per incoming F atom is
the highest still at tesgtpoint 3! For those parameters,
there is only 27 % possibly availlable F legs as for testpoint
1, while the etch rate is still 91 % of the etch rate for
point 1. Test 11 however indicates that for lower total
flows, the increase of the Op flow over 24 % of the total

flow, decreases the global effect of fluorine generation:
other mechanisms start to become more imporfant than the fact
that O, helps in the decomposition of SFg, as will be
discussed in more detail in appendix V.

When the O, flow is as high as the SFg flow, as in test 2,
the dilution effect is very pronounced and even influences
the uniformity in a had way.

The influence of the pressure is confirmed in tests 8 to 10
the influence on etch rate is very little, while the
influence on uniformity is much more important.

These checks confirm the trends indicated by the statistical
design of experiments test series.

The following tests show that the influence of the RF and AF
power is not strong: all processes: 20 sccm of SFg, 0 scem of
Oo, 10 mTorr:

1) 400 WRF, 0O WAF : T
2) 600 WRF, O WAF 1 750 nm/min, U = 0.77

3) 400 W RF,50 W AF @ T 702 nm/min, U = 0.82

The influence of AF power on etch rate is very low, the
uniformity improves, probably due to the higher ion
bombardment, which influences slightly the etch rate. In
fact : the highest etch rate on the wafer remains
approximately the same, it is the lowest etch rate that
increases.

A 50% RF power increase causes a 18% etch rate increase,
which is much lower than for most plasmas in traditional RIE
or PE systems.

The reason is once again that in these plasmas, the
decomposition of the SFg molecules is much more complete than

for traditional RIE or PE plasmas. Therefore, the extra
power does not increase the F content very much, as also seen
in the actinometry measurements. As an increase of AF power
does not increase very much the etch rate, DC bias voltage
will not influence the etch rate very much for these plasmas.
Therefore an increase of voltage over the dark sheath caused
by an increase in RF power, wil not increase the etch rate.

638 nm/min, U = 0.73
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b) Triocde II etching

The correlation factor R? = 0.997, and the analysis of
variances F(5,1) = 0.86 show that the model fits well the
experimental data.

The overall trends are shown in fig. 17.
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Figure 17 Overall trends of the polysilicon etch rate in

A/min as function of SFg flow, O, flow and pressure in Triode

IT mode. The abcissa indicates the increase of the etch
rate.

As for the Triode I etchings, the main resgponsible for etch
rate increase is the SFg flow. The etch rate also increases

with a factor of 2 when SFg flow increases from 20 scem to 80
scem. O flow increase from 0 to 51 sccom also increases

slightly the etch rale, whereas pressure increase from 10 to
19 mTorr also increases slightly the etch rate.
Figures 18 and 19 show these results in more detail.
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Figure 18 : Contourplot of polysilicon etch rate in A/min as
a function of S8Fg flows and 0p flows, at fixed pressure of
17,5 mTorr, Triode II mode, 400 W RF and OW AF power.

They show once again that the SFg flow is the determining
factor for the etch rate. Though the etch rates are lower
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than for the Triode I mode, the fluorine consumption is still
very high, much higher than for traditional RIE or PE
systems. For a flow of 20 sccm of SFg and no 05, the etch

rates are around 475 nm/min, while for a flow of 80 sccm of
SFg and no Oz, the etch rates are around 810 nm/min. Using

formula (1) of appendix I, one can calculate that for the
first case approximately 44 sccm of F is consumed, which is
more than one third of all available F. For the second case,
approximately 74 scem of F is consumed, a little bit less
than 1 atom of 6 available, which is still a high value.

The trend of the influence of the 0, flow is the same as for
Triode I and as decribed in the actinometry series of Triode
IT, 50 W AF,
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Figure 19 : Contourplot of polysilicon etch rate in A/min as
a function of SFg flows and pressure at fixed O, flow of 8

scem, Triode IT mode, 400 W RF and OW AF power.

A pressure increase causes the etch rate to increase slightly
with a maximum around 18 mTorr, but at higher pressure the
etch rate tends to decrease.

Some extra tests were performed to investigate higher SFg and
0, flows, as shown in table IV.

Table IV : overview of polysilicon etch rate for different
8Fg/0y ratios in Triode II mode.

Nr SFg flow O, flow Pregsure Etch rate
[scem] [socm] [mTorr] [zn/min]

1 96 0 10 881

2 80 16 10 853

3 70 26 10 830

4 48 48 1C 425

5 90 [ 10 909

These tests show again that the increase in decomposition of
the SFg molecule due to the presence of O, is set off by the
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decrease of SFg flow in these tests ( the total flow was held

constant ). One should however observe that the F
consumption per incoming F atom is the highest still at
testpoint 3! For those parameters, there are 27% less
available F atoms as for testpoint 1, while the etch rate is
still 94% of the etch rate for point 1.

The influence of the pressure is illustrated by the following
table:

Table V : overview of polysilicon etch rate for different
pressures, in Triode II mode.

Nr SFg Flow O, Flow Pregsure Etch Rate  Uniformity
{sccm] [scom] [mTorr] [nm/min] (%]

1 59 8 25 802 T

2 50 8 10 748 81

3 50 8 18 802 74

As in Triode I mode, the pressure does not influence very
much the etch rate, but rather the uniformity, with again the
higher uniformity at the lower pressure. 'This can be
explained once again by the higher diffusion coefficient at
lower pressure. The uniformity is higher than in Triode I
mode, because of the ion bombardment: this will certainly
help the uniformity as also shown in the tests with higher RF
and AF power in Triode I mode.

Though Triode I and Triode II are wvery different modes, the
etch rate behaviour as a function of SFg and Oy flow is very
similar, while the difference for the pressure influence is
also quite small. This indicates that the etch mechanisms or
at least the etch limiting step(s) are very similar.

5) Comparison actinometry - polysilicon etch rate results.

Comparing the results of the actinometry tests with the
results of the polyvsilicon etch tests, there are some
agreements but also some disagreements. Most of the
disagreements can be adeguately explained.

Agreements.

1) The RF and the AF power influence very little. This is a
strange result at first sight, as it is most uncommon for
plasma etching that the etch rate is not very much influenced
by AF and RF power. However, in these cases, the small
influence can be explained by the huge decomposition of the
SFg molecules already at the lowest investigated power levels

and the fact that the etch rate limiting step is the arrival
of free F at the wafer surface, therefore ion bombardment
does also not influence very much the etch rate.

One of the main positive effects of the actinometry tests was
exactly that for the etch tests we could remove the RF and AF
power as parameters to be investigated, in this way
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decreasing the number of tests for the polysilicon ( and
later for the tungsten ) etching.

2) Certainly in Triode II, the influence of the O, flow shows
the same trends for actinometry as for the polysilicon etch.
As this was already a well known phenomenon, this feature
served just to confirm the validity of our methods.

Contradictions or paradoxes.

1} The main paradox is the fact that the F content in the
actinometry measurements isg almost proportional to the
pressure, while pressure does not influence the etch rate
very much. This can be explained however by the pressure
influence on the diffusion coefficient. The diffusion
coefficient is inversely proportional to the pressure [2].
In this way the product diffusion coefficient times
concentration of fluorine is approximately a constant for
these plasmas. The SFg and therefore the F flow is more or

less homogeneous over the reactor. As very much fluor is
consumed, up to 50% in some cases, it is important that the
fluorine from all over the reactor reaches the wafer.
Therefore the diffusion constant is a very important
parameter in these cases. One can imagine that when
relatively less free fluorine is consumed, the diffusion
coefficient is not so extremely important, as will be shown
in appendix V.

2) The influence of the SFg flow is much less clear in the
actinometry measurements than in the polysilicon etch
measurements. 8SFg flow is the dominant factor for the

polysilicon etch rate whereas it is not very significant in
the F concentration.

The fluorine which remains in the plasma is the difference
between the generated free fluorine and the fluorine consumed
by the etching.

The overall free fluorine generating reaction is

With x =6 -> 1.
These reactions have equilibrium constants:

[ SFy-y 1 [F] (2)
[ 8Py ]

Ky =

with [F] the concentration of the fluorine which remains in
the plasma. A chemical system will try to keep its
equilibrium, even when F is consumed by other chemical
reactions. Therefore, if one compares two processes, which
have the same pressure ( therefore the same density of
species ) but different flows, in a first approximation, they
both will have the same density of remaining free fluorine in
the plasma ( as the K constants for both processes will be

A4.22



approximately the same ). It is exactly this free fluorine
density which is measured through actinometry.
Therefore it is possible that a process with higher SFg flows

consumes much more free fluorine than a process with lower
SFg flows, but that the concentration of the remaining free

fluorine remains approximately the same.
6) Tungsten Etching.

These tests were done on 125 mm {100) wafers which received
the following treatment: deposition of 500 nm of PECVD oxide,
sputter deposition of 40 nm of Ti, sputter deposition of 80
nm of TiN, CVD deposition of 1000 nm of W at 425°C ,
patterning of 1.2 pum IX I-line resist from JSR. There were 2
masks used: 1 light field with 95 % clear area, 1 dark field
with 5% clear area. Postbake was 1 minute hot plate at 95°C.
These are the same wafers as of type Wiy in appendix IT.
Resist thickness was measured before and after etching with a
Dektak II step height meter, as was the step in the tungsten
after the dry strip in a pure oxygen plasma. Step heights
were measured in the center, at 4 points at the border and at
1 point halfway the center and the border.

Because of the roughness of the tungsten film, we used a
special way of determining the step height. This is shown in
fig. 20. After levelling and zeroing of the bottom line, the
average is calculated (automatically) from the points at the
bottom line. Then the average of the heights of the top line
is calculated and afterwards the difference between these
averages is made. The structure used was a 150 um by 150 um
square. This method is valid for these wafers as they were
extremely flat. For bowed wafers another method should be
used. We estimate that the final error on a step height is
less than 10 nm, by measuring twice the structure the error
becomes less than 7 nm.

€.1) Tests to investigate the influence of the oxygen flow
in SFg - 0O plasmas.

A first series of tests was performed to investigate the
influence of the oxygen flow on the etch behaviour of the
tungsten film. From these tests we can make comparisons with
the etch tests on the SWAFER which are reported in appendix
IT.

Tests were done in Triode I mode. The RF power was fixed at
400 W and AF power at 0 W. Etch time was 30 seconds.

The results are shown in table VI.
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The following symbols are used

I'y : tungsten etch rate in the center of the wafer, in
{nm/min]

U : uniformity of the tungsten etching defined as minimum
etch rate divided by maximum etch rate, in [%].

rpgr : resist etch rate at the center of the wafer, in
[nm/min)

Upr : uniformity of the resist etching in [%]

S : selectivity tungsten towards resist in the center of the
wafer

Table VI : tungsten and resist etch characteristics for
several SFg-Op flows, for Triode I mode plasmas.

Nr SFg flow O, flow Press W U rpp Upp 5
sccm goom mTorr nm % nm 2
min min
1 96 G 16 564 ge 184 B 3.1
2 &0 1& 10 TH2 88 160 S0 4,7
3 70 26 10 724 a7 1+¢ g7 4.4
4 48 48 10 683 84 a7 95 TG

Figure 21 shows the etch rates of the tungsten and the
polysilicon for these wafers.
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Figure 21 : Polysilicon and tungsten etch rate as a function
of oxygen content in Triode I mode.

The lowest tungsten etch rate for this etch mode was always
found halfway between the center and the border of the wafer.
This seems to be a characteristic of this etching system in
Triode I mode for tungsten. For polysilicon this phencmenom
was not obgerved.
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The tungsten etch rate as a function of the place on the
wafer for processes 1 and 2 are shown in fig. 22. Place 2 is
at 10 mm of the border of the wafer, place 7 is the center of
the wafer.
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Figure 22 : Tungsten etch rate as a function of the place on
the wafer, in Triocde I mode.

These results are surprisingly similar to the results
obtained by the SWAFER in PF mode, although there NF3 was
used (see appendix II}. The main points of agreement are:

- Btch rate is lowest with no oxygen added, even with a 50%
0, flow, the etch rate remains very high.

- The selectivity towards the resist does not decrease with
O, flow, on the contrary. The selectivity is lowest when no
O, flow is present.

A difference is there in the fact that in the Tegal 15xx, the
polysilicon etch rate starts decreasing with small O, flows,
while for the tungsten etch rate, its maximum is at a higher
0o flow, indicating the formation of a volatile WOF,.

The selectivities of tungsten towards resist is lower in the
Tegal 15xx : the etch rate of the resist is much higher.
This indicates a certain ion bombardment in Tricde I mode.
One should observe that the pressure in the Tegal 15xx is
much lower than in the Swafer and that in the Swafer at
pressures lower than 70 mTorr the selectivities of tungsten
towards resist are only 1:1.

Similar tests were performed in Triode IT mode. The RF power
was fixed at 400 W and AF power at 0 W. Etch time was 60

seconds.
The results are shown in table VII.
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Table VII : tungsten and resist etch characteristics for
several SFg-0p flows, for Triode II mode plasmas, with fixed

RF and AF power of respectively 400 W and 0 W.

Nr 8Py flow O, flow Press W U TpR Upp g
goom scom mTorr 1 % nm %
min min
1 g6 0 10 488 96 508 28 0,96
2 90 [ 10 484 g3 520 a7 0.93
3 80 16 10 470 88 500 90 .54
4 70 26 10 467 92 600 a7 0.78

The tungsten and polysilicon etch rates of these processes
are shown in fig. 23. The following trends are clear:

- the tungsten etch rate is not much influenced by the oxygern
content, at least not till 26% of 0; flow, while the

polysilicon etch rate increases initially, decreasing
afterwards. This behaviour is very similar to the tungsten
etching in RIE mode with NF; in the SWAFER ( as shown in
appendix IT );

- the tungsten etch rate is lower than in Triocde I mode;

- the uniformity is much higher than for Triode I mode. The
maximum etch rate i1s always found at the border of the wafer,
but the minimum etch rate can be found both in the center as
halfway the wafer. These differences in etch rate are always
of the order of 1%, thus well within the precision of the
measurement .

- the resist etch rate is much higher than in Triode I mode
and in general increases with higher Gy flows, certainly at
higher flows.

Figure 23 also shows the etch rates of polysilicon and
tungsten in Triode I mode, to facilitate comparison.
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Figure 23 : Tungsten and polysilicon etch rates as a function
of oxygen content and etch mode.
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6.2) Tests through the statistical design of experiments
method of SFg - Oy plasmas.

The same software programme as for the polysilicon etch test
series was used for the statistical design, but only a linear
model with interactions was used. As the model fitted quite
well for the etchings of the light field wafers, no extra
tests with a guadratic model were performed. The parameter
range was the same as for the polysilicon etchings.

Applied power was always 400 W RF, 0 W AF, As increase of RF
and AF power had only a marginal influence on the tungsten
etch rate, the lowest values of the investigated range were
used, as for these values the selectivity of tungsten towards
the underlying silicon dioxide will be highest.

The etch mode was always Triode II, as previous tests had
indicated that the best loading effect was achieved in Triode
IT mode ( as expected: chemical etching is much more loading
sensitive than ion bombardment enhanced etching ).

Uniformity is also better in Triode II mode than in Triode I
mode.

Etch time was always 1 minute.

The main goal of these tests is to find the point where less
loading effect occurs, i.e. where guotient of the light field
patterned wafer etch rate divided by the the dark field
patterned wafer etch rate is maximum. This is an important
characteristic for tungsten back etching: the etching of the
plugs should not be much faster than the etching of the
blanket tungsten layer. The uniformity of the etching is
also important, as is the selectivity towards the underlying
films: at least the oxide should not be etched very much.

The results of this test series are shown in table VIII.

The following symbols are used:

repp : tungsten etch rate at the center of a LF patterned
wafer, in [nm/min]

rpLp ¢ tungsten etch rate at the border of a LF patterned
wafer, in [nm/min)

Upw : uniformity of the LF patterned wafer, in [%]

Icpr : tungsten etch rate at the center of a DF patterned
wafer, in [nm/min]

rppp ¢ tungsten etch rate at the border of a DF patterned
wafer, in [nm/min)

Upp : uniformity of the DF patterned wafer, in [%]

LE- : loading effect in the center, defined as guotient of
the etch rate of the LF patterned wafer divided by the etch
rate of the DF patterned wafer, in the center of the wafer,
in [%].

LEp : loading effect at the border, defined as guotient of

the etch rate of the LF patterned wafer divided by the etch
rate of the DF patterned wafer, at the border of the wafer,
in [%].
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Table VIII: overview of tungsten etch rates, uniformities and
loading effects in function of process parameters for SFg -

O- plasmas in Triode II mode.

MNr Gas flows Press rcLF rbLF UI.JF rcDF rpr UDF I"EC LBJO
8Fg G nn nm % nm nm % % %
sccm % of mTorr min min min min

100
sCom

1 80 80 25 542 623 87 736 808 91 74 77

2 20 80 10 386 381 gg 557 578 g7 69 66

3 80 80 10 525 513 94 £52 651 g9 81 86

4 20 ¢ 10 304 327 93 462 506 91 &6 65

= 80 0 25 467 537 a7 668 737 g1 70 73

= 80 0] 10 485 544 g1 632 646 98 78 84

7 50 40 18 469 521 a0 740 767 96 63 68

& 50 a0 18 487 524 93 733 715 94 &7 68

B 20 80 25 442 451 g8 738 TN2 96 60 58

10 80 0 25 278 305 91 475 534 89 5% 57

The general trends for these tungsten etch processes are:

1) Dark field etch rate is always higher than light field
etch rate.

2} Etch rate is (almost) always higher at the border than in
the center of the wafer, a traditional bull's eye is found.
3) DF etching is in general more uniform than LF etching.

4) Etch rate is determined mostly by the SFg flow: the higher
the flow, the higher the etch rate.

5} Uniformity increases with decreasing pressure, decreasing
SFg flow and increasing O, flow, but remains always very
high.

6) Loading effect ameliorates with increasing SFg flow and
decreasing pressure, while the influence of the oxygen flow
is neglectable.

A value of 0.81 in the center of the wafer and 0.86 at the
border of the wafer was obtained, which is a very good
result. Furthermore the uniformity of this process is quite
good with values of 94% for the LF and 99% for the DF wafer.

We shall analyse in more detail the different responses of
this test series.

&' Etch rate in the center of a light field patterned wafer.

The correlation factor R2 = 0.944 and the analysis of
variances F(2,1) = 11.9 show that the model fits well the
experimental data.

The overall trends are shown in fig. 24.

The main etch rate determining factor is the SFg flow

increasing it increases the etch rate. The O, flow also does

influence the etch rate in the same direction, though less
pronounced. The influence of pressure is not important for
the etch rate.
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Figure 24 : Overall trends of the tungsten etch rate as
function of SFg flow, Op flow and pressure at the center of a
LF patterned wafer. The abcissa indicates the increase of
the etch rate in nm/min, a negative value indicates a
decrease.

Figures 25 and 26 shows this in more detail.
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Figure 25 : Contourplot of tungsten etch rate in nm/min at
the center of a LF patterned wafer, as a function of SFg flow

and O, flow, at fixed pressure of 17,5 mTorr, Triocde II mode,
400 W RF and 0 W AF power,

An increase of the SFg flow from 20 sccm to 80 sccm increases

the etch rate typically by 60%.
The influence of the O, flow is higher at smaller SFg flows

where it increases the etch rate by 30% when increasing from
0 to 16 sccm, at higher SFg flows, the increase of etch rate

is less than 10% for the same Oy flow increase.
The influence of the pressure is really minimal.

A430




i
L
L
L.
g
L o
P

»
-]
i
Y

388 42¢ 440 460 480 See

mPcosmiEV

1 ]
45

4

400
H \ 1 1\ i ] \ [ _l\ '] \ i ¥ }
] ¥ k) ¥ L] } | L
25 38 35 4@ 50
556

Figure 26 : Contourplot of tungsten etch rate in nm/min at
the center of a LF patterned wafer, as a function of SFg flow
and pressure at fixed O; flow of 8 sccm, Triode II mode, 400
W RF and 0 W AF power.

b) Etch rate at the border of a light field patterned wafer.

The correlation factor R? = 0.951 and the analysis of
variances #{(2,1) = 558 show that the model perhaps does not
fit well the experimental data. It can be observed that the
difference between the etch rates at the 2 centerpoints is
only 0.6%, which is very little. Therefore the analysis of
variances will automatically show a worse result than for the
former case, where the difference was 3%. As the correlation
factor is very good, we can consider the model as acceptable
at least for general analysis.

The overall trends are shown in fig. 27.
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Figure 27 : Overall trends of the tungsten etch rate as
function of SFg flow, 0Oy flow and pressure at the border of a
LF patterned wafer. The abcissa indicates the increase of
the etch rate in nm/min, a negative value indicates a
decrease.
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An increase of the SFg flow increases the etch rate, the same
is valid in a lesser way for the Op flow, while there is
little influence of the pressure.

Figures 28 and 29 show this in more detail. At lower SFg
flows the etch rate increases more rapidly with O flow. A
pressure increase causes a very slight increase in etch rate.
The trends are extremely similar to the ones discussed in
section a above, as can be expected.
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Figure 28 Contourplot of tungsten etch rate in nm/min at

the border of a LF patterned wafer, as a function of SFg flow
and 0, flow, at fixed pressure of 17,5 mTorr, Triode II mode,
400 W RF and ¢ W AF power.
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Figure 29 : Contourplot of tungsten etch rate in nm/min at
the border of a LF patterned wafer, as a function of SFg flow

and pressure at fixed O, flow 0f 8 sccm, Triode IT mode, 400
W RF and 0 W AF power.

c) Uniformity of a light field patterned wafer.

The correlation factor RZ = 0.947 and the analysis of
variances F(2,1) = 0.360 show that the model fits well the
experimental data.

The overall trends are shown in fig. 30.
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Figure 30 : Overall trends of the tungsten etch rate
uniformity as function of SFg flow, O, flow and pressure of a
LF patterned wafer. The abcissa indicates the increase of
the uniformity in percentage points, a negative value
indicates a decrease.

The uniformity increases with : decrease of SFg flow,
increase of 0, flow and decrease of pressure. But as the

values are already high, the influences are very small.
Figures 31 and 32 show thig in more detail.

These figures show clearly that the most uniform processes
are those at lowest pressure, lowest SFg flow and highest Op
flow. It is clear that the higher diffusion coefficient at
the lower pressure is again an important factor in the
increase of the uniformity with decreasing pressure, as for
the polysilicon etching.
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Figure 31 : Contourplot of tungsten etch rate uniformity in
percentage points of a LF patterned wafer, as a function of
SFg flow and O flow, at fixed pressure of 17,5 mTorr, Triode

II mode, 400 W RF and 0 W AF power.
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Figure 32 : Contourplot of tungsten etch rate uniformity in
percentage points of a LF patterned wafer, as a function of
SFg flow and pressure at fixed Op flow of 8 sccm, Triode II
mode, 400 W RF and 0 W AF power.

d) Etch rate in the center of a dark field patterned wafer.

The correlation factor R = 0.766 and the analysis of
variances F{2,1) = 498 show that the model does not fit the
experimental data. Therefore the following analysis must be
treated very carefully.

The overall trends are shown in fig. 33.
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Figure 33 : Overall trends of the tungsten etch rate as
function of SFg flow, Oy flow and pressure at the center of a
DF patterned wafer. The abcissa indicates the increase of
the etch rate in nm/min, a negative value indicates a
decrease.

They show a very small etch rate increase for the increase of
the three parameters: SFg flow, Oy flow and pressure.

When plotting the parameter set we normally use for the more
detailed study, we see that the trends are somewhat similar
to the LF patterned wafer: increase in etch rate with SFg

flow, but only with 30% over the whole fiow range ( against
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60% for the LF wafer ), and with 25% with O flow over the
whole range, and somewhat in pressure, as shown in figures 34
and 35.
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Figure 34 : Contourplot of tungsten etch rate in nm/min at

the center of a DF patterned wafer, as a function of SFg flow
and O, flow, at fixed pressure of 17,5 mTorr, Triode II mode,
400 W RF and 0 W AF power.
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Figure 35 : Contourplot of tungsten etch rate in nm/min at

the center of a DF patterned wafer, as a function of SFg flow
and pressure at fixed O, flow of 8 sccm, Triode II mode, 400
W RF and 0 W AF power.

For a DF wafer, the F consumption is much less severe than
for a LF wafer. This has in this case 2 immediate
consequences : the overall etch rate of a DF wafer is higher
and the influence of the SFg flow is much smaller than for

the LF wafers.

Different from the LF wafer, a pressure increase slightly
increases the etch rate. At higher pressure, the
concentration of free F is higher, but the diffusion
coefficient is lower. For the LF wafer, these 2 effects
cancel each other. For the DF wafer, there is much less F
consumption, therefore, the F has "to travel less® to reach
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the wafer surface. In this case, it is logical that the F
concentration is a more important factor than the diffusion
coefficient.

Remark: there is also some F consumption in the removal of
the resist: for a DF wafer this should not be completely
neglected, as we did before for the tests in part A, for LF
wafers.

e) Etch rate at the border of a dark field patterned wafer.

The correlation factor R2 = 0.799 and the analysis of
variances F(2,1) = 342 show that the model does not fit the
experimental data. Therefore the following analysis must be
treated very carefully.

The overall trends are shown in fig. 36.
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Figure 36 : Overall trends of the tungsten etch rate as
function of SFg flow, O, flow and pressure at the border of a
DF patterned wafer. The abcissa indicates the increase of
the etch rate in nm/min, a negative value indicates a
decrease.

These are very similar to the ones for the center of the
wafer. The detailed plots show also the same results, what
is expected if one locks at the good uniformity of the
etching. Therefore, we shall not repeat the same conclusions
here.

f) Uniformity of a dark field patterned wafer.

The correlation factor RZ = 0.958 and the analysis of
variances F(2,1) = 0.650 show that the model fits well the
experimental data.

The overall trends are shown in fig. 37.
The uniformity increases with increase of 0O, flow but mainly

by the decrease of pressure. But as the values are already
high, the influences are only a few percent. The SFg flow is

not important for this response.
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Figure 37 : Overall trends of the tungsten etch rate
uniformity as function of SFg flow, O, flow and pressure of a
DF patterned wafer. The abcissa indicates the increase of

the uniformity in percentage points, a negative value
indicates a decrease.

Figures 38 and 39 show this in more detail.

As the reproducibility tests ( points 7 and 8 in table VIII )
indicate a non reproducibility of 2% and most uniformity
values are within this interval, the results of this analysis
of variances do not yield much information in this case. But
the overall main result is important: the uniformity of these
processes is extremely high.
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Figure 38 : Contourplot of tungsten etch rate uniformity in
percentage points of a DF patterned wafer, as a function of
SFg flow and O flow, at fixed pressure of 17,5 mTorr, Triode
II mode, 400 W RF and 0 W AF power.
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Figure 39 : Contourplot of tungsten etch rate uniformity in
percentage points of a DF patterned wafer, as a function of
SFg flow and pressure at fixed O, flow of 8 sccm, Triode IT

mode, 400 W RF and 0 W AF power.
g) Loading effect at the center of the wafer.

The most important response of these tests is the ivcading
effect that occurs for these processes, as it is one of the
most important effects ( and often the killing one ) in the W
back etching to obtain plugs.

We guantified this loading effect LE in the following way: LE
is the quotient of the etch rate of the LF patterned wafer
divided by the etch rate of the DF patterned wafer, in this
case in the center of the wafer. We expressed it in general
in percent. The correlation factor R? = 0.917 and the

analysis of variances F{(2,1) = 1.975 show that the model
fits well the experimental data.
The overall trends are shown in fig. 40.

Fig. 40: Overall trends of LE as function of SFg and O, flow

and pressure at the center of the wafer. The abcissa
indicates the improvement of LE in percent, a negative value
indicates a decrease in LE.
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The most important factor is the SFg flow: increasing it from
20 to 80 scem, vields an average LE improvement of 12%.

Pressure is also guite important: decreasing from 25 mTorr to
10 mTorr yields an average LE improvement of g%, The

$F6

Figure 41 : Contourplot of LE in pbercentage points at the
Center of the wafer, as a function of SFg flow and 0, flow,

at fixed pressure of 17,5 mTorr, Triode IT mode, 400 W RF and
0 W AF power.
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Figure 42 : Contourplot of LE in bercentage points at the
center of the wafer, as a function of SFg flow and pressure

at fixed Oy flow of 8 scem, Triode IT mode, 400 W RF and 0 W
AF power.

The lines of equal LE effect are linear, indicating that
there is not much of an interaction between the different
factors. They show clearly that SFg flow must be as high as

possible and pressure as low as possible, with still a
marginal improvement of loading effect when increasing the 05

flow.
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We know that at higher SFg flow, the etch rate increases,
that more free F reaches the wafer surface, certainly for a
LF wafer. For a DF wafer, the consumption of free P is much
less, therefore its etch rate will not increase as much with
increase of free F. Then it is normal that the best LE is
obtained when most free F reaches the wafer, thus with a high
SFg flow.

For the LF wafer, the etch rate is not influenced by the
pressure, for the DF wafer, etch rate increases with
pressure, as explained in section d above. Therefore a
pressure decrease will improve the loading effect.

Oz flows have no major influence on etch rates of both types

of wafers.

h) Loading effect at the border of the wafer.

The correlation factor R? = 0.988. As the results of the
controle points were the same, it was not possible to perform
an analysis of variances. But with this high correlation
factor and knowing that the analysis of variances of the
model in the center of the wafer was OK, we assume that the
model is quite adequate. The results are approximately the
same as in section g, as expected.

The overall trends are shown in fig. 43,
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Figure 43 : Overall trends of LE as function of SFg flow, 0o

flow and pressure at the border of the wafer. The abcissa
indicates the increase of LE in percentage points, a negative
value indicates a decrease.

On the abcisgsa one can read the percentage points increase of
LE { a negative value indicates a decrease in LE )

As expected, they are the same as for section g : SFg flow
increase and pressure decrease improve the loading effect, 0,

flow is of little importance.
Figures which show the loading effect in more detail give
similar results as above and are therefore not included.
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i} Conclusion.

The best process for back etching of tungsten to form plugs
is a process with flows of 80 sccm SFg and 16 sccm Og, a
pressure of 10 mTorr, 400 W RF power, 0 W AF power, Triode II
mode.

This process results in an etch rate of 530 nm/min,
uniformity of 94% and difference in etch rate between DF and
LF patterned wafers of less than 20%.

J) Comparison tungsten etching - polysilicon etching.

Comparing figures 24 and 27 with figure 17, one can find the
following agreements between tungsten and polysilicon
etching:

- the dominant factor for the etch rates is the SFg flow;

- the oxygen flow is in both cases much less important.
However, when comparing e.g. fig. 25 with fig. 18, one can
see that the increase in oxygen flow increases always the
tungsten etch rate, while a parabole is formed for the
polysilicon etch rate. This can be explained by the
formation of WOF,; product molecule in the case of the
tungsten etching, as explained in more detail in appendices
II and III.

A pressure increase does not influence the tungsten etch
rate, while it increases very slightly the polysilicon etch
rate. Though even in this case this result is only valid
from 10 to 19 mTorr, which means that from 20 to 25 mTorr,
there is no visible influence.

Therefore, we can conclude that in general the gsame factor
influences both etch rates in the same way.

This can alsoc be said of the uniformity, though we did not
perform an as detailed study as for the etch rate.

6.3) Tests with SFg - Cl; plasmas.

Mixtures of SFg and Cl; gases are investigated to obtain a

process for tungsten back etching. A quick screaning test was
performed to have a first idea of the overall behaviour and
performance of these processes. The pressure was kept
constant at 10 mTorr and the power at 400 W RF power and 0 W
AF power. The results are shown in table IX. The same
symbols are used as for table VIITI.

By adding Clp to the SFg, the etch rate of the tungsten

decreases. When adding 80 scem of Cl, to 20 scem and 80 scem
of SFg, the etch rates decrease with regspectively 28% and 25%
for a LF wafer. The uniformities for the LF wafers decrease

slightly. The LE decreases for the wafer with high SF¢ flow,
but increases for the wafer with low SFg flow.

These results are worse than for SFg - O, plasmas: the

uniformity of the LF wafer etching is lower and the loading
effect is worse than the 80 scem SFg, 20 scem Oy flow

process. Therefore, no more tests were performed on these
gas combination processes.
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Table IX : overview of tungsten etch rates, uniformities and
loading effects in function of process parameters, for SFg -

Cl; plasmas.

Nr Gas flows YoLF ThLF ULF YepF TLDF UDF LEC LEb
sFg Clp nm pelul % L beiu % % %
[scom] [scem} min min min min

1 80 ¢ 485 544 g1 632 646 98 78 84

2 80 80 372 432 88 532 575 92 70 74

3 20 0 304 327 93 462 506 91 66 65

4 20 80 218 245 89 298 304 g8 73 81

5 50 40 379 432 88 574 626 92 66 69

Addition of Cly; to SFg does not increase the free F
formation, as the addition of 0 does. Generation of active

Cl atoms occurs. It is known [3,4] that Cl containing gases
etch W, forming the volatile WClg compound. This compound is
much less volatile than the WFg compound. For these gas
mixtures there will be competition between F and Cl atoms to
form a W-Halogen bond. When comparing test 3 with test 4,
one can observe that with 80 scocm Cl, added, the etch rate
decreases. As there are more halogen molecules available,
one can suppose that there will be more generation of halogen
atoms. With 80 sccm of SFg flow the etch rate ig much
higher than with 20 sccm of SFg flow, therefore the reason of
the decrease of etch rate when adding 80 sccm of Cl, is not
that the residence time of the particles in the reactor is
too low. This indicates that the reason for etch rate
decrease is the reduction of the volatility of the etch
product : WClg is much less volatile than WFg. As the
tungsten layer gets covered by more Cl than by F, the etch
rate will decrease.

During these experiments, the resist etch rate was also
measured. Addition of Cl; increases the etch rate of the
resist for the LF wafers, therefore the selectivity from
tungsten to resist halves when adding 80 sccm of Clj.
Therefore, these processes are also not useful for etching
tungsten anisotropically.
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Appendix V : Mechanisme for plasma etching of
tungsten.
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Appendix V : Mechanisms for plasma etching of
tungsten.

Introduction.

As mentioned in appendix I, general principles of plasma
etching are well known and well described in the literature.
Modelling of plasma etching is much more difficult, because
it is very hard to quantify the different phenomena which
occur within the plasma and at the wafer-plasma interface.
In this appendix, we shall try to do some quantitative
analysis of - mainly tungsten - plasma etching and propose
some, simplified, models which will allow us to draw some
conclusions on the etch limiting steps in plasma etching.

This appendix was divided in four parts:
1: Basic calculations for verification of plasma etch models.

2: Qualitative modelling : chemical etching versus
bombardment enhanced etching and the influence of tungsten
oxide.

3: General conclusions.
4: Suggestions for further research and development.

1) Basic calculations for verification of plasma etch models,
applied to tungsten etching.

As explained in appendix I, the plasma etch process can be
divided in several subprocesses. We shall distinguish the
following steps:

- the plasma generates reactive particles, i.c. atomic F

- the reactive particle reaches the tungsten film

- the reagent adsorbs at the surface

- the reagent chemisorbs: a chemical W-F bound is formed

- other reagent particles react with the surface atom, so
that the volatile product molecule is formed, typically WFg
- the product molecule desorbs from the surface, and is
pumped away.

To determine some mechanisms and to make some calculations,
we shall make some assumptions which are in general valid,
though sometimes simplified.

For tungsten we have the following material constants :

density p : 19.35 kg/dm® = 19.35 g/cm3
atomic weight M: 184 g/mole

overall etch reaction: W + 6 F -> WFg
For silicon:

density p = 2.33 kg/dm3 = 2.33 g/cm3

atomic weight M: 28 g/mole
overall etch reaction: Si + 4 F -> SiFy
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In appendix I, it was shown that it is possible to calculate
the fluorine consumption Jp during etching of a (bare) wafer
by the following formula:

Jp = 2.24 1073 . m . (d/2)2 . etch rate . p . X / M (1)
with:

Jp : flow of atoms consumed in [sccm]

d : diameter of the wafer in [cm]

etch rate : of the film in [nm/min]

p : density of the film material in [kg/dm3]

X : coefficient of the overal reaction :

Mat + X Hal -> MatHaly

M : atomic weight of the film material in [g/mol]

As these flows are proportional to the etch rate, a F flow of
0.173 sccm is consumed and a WFg flow of 0.029 sccm comes

free from the surface, per nm/min of W etch rate, for 125 mm
wafers. For silicon for the same type of wafers, the
fluorine consumption = 0.092 scom, with formation of a SiFy
flow of 0.023 sccm per nm/min etch rate.

1.1) Generation of the active species.

The generation of active species is very hard to determine,
as explained in appendix I. When combining generation with
diffusion, it will be possible to obtain quantitative data,
as shown in 1.2, below.

1.2) Flow of reactive particles reaching the surface.

What needs to be known to determine the etch rate is the flow
of free fluorine atoms that reach the surface. 'This flow is
determined by two mechanisms:

1: the generation of free fluorine atoms.

2: the transport of these atoms to the surface.

By evaluating the transport mechanism, we shall be able to
evaluate also the generation of the free fluorine,

We shall consider the following two cases: depletion and no
depletion of the free fluorine source.

A) There is no depletion of free fluorine.

This means that the concentration of free fluorine remains
constant all over the reactor. This assumption would be
valid if the generation of free fluorine is extremely high
and congumption of free fluorine low.

Then the movement of the free fluorine species is determined
by the random thermal movement.

One can assume that the concentration of free fluorine is
constant in the bulk of the plasma and that it is a fraction
Y of the total number of particles in the plasma.
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The average thermal speed, ©, is [1]
T = (8kT/m.m)1l/2 (2)

with:

k : Boltzmann constant

T : absolute temperature in [K]

m : molecular mass in [g/mol]

It can be calculated that at 20°C © is egqual to:
570 m/s for F

144 m/s for WFg.

The impingement flux f4 in number of particles i per unit
area, is [1]

fi = ny © / 4 (3)

where nj is the total density of particles i in the plasma.
To calculate the impingement flux of fluor fg, the
concentration of fluor Cp in the plasma has to be known.
From each mother molecule ( e.g. NF3 or SFg }, an average of

G fluorine atoms are generated by the plasma. Therefore the
concentration of fluor is a factor G/(G+1) of the
concentration of all species n, assuming there is no
recombination.

Cp =n { G/G+1 )

n is proporticnal to the pressure, therefore a
proportionality factor p' is introduced. At 200 mTorr :

p' = 200 / 760000

At 200 mTorr, for a wafer of 125 mm, there is a flow of F
because of thermal movement from plasma to wafer of:

fgp=C .p' .G .A/ (& (G1)] (4)

with:

A : area of the wafer ( which is 123 cm? for a 125 mm wafer)
A factor of 60 has to be introduced to convert seconds to
minutes.

fp = 57000 x 60 x 200 x G x 123 / [4 x 760000 x {(G+1)] =
27675 G/ (G+1) sccm

A typical value for G is 0.1 : 10% of the molecules yield 1
free fluorine atom [1,2], this is an assumption at the lower
end of the range for G.

For these assumptions, an etch rate of

0.1 x 27675/ [1.1 x 0.173] = 14543 nm/min would be supported,
if this mechanism could be applied (assuming WFg as the sole

volatile product).
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B} The free fluorine source is depleted.

During etching, the fluorine will be consumed. In this way a
gradient of free fluorine species will be created. Through
diffusion, fluorine from further away in the reactor will
reach the surface of the wafer.

The flow J of particles from the bulk of the plasma to the
wafer is proportional to the concentration gradient dC/dx and
the diffusion constant D and the area of the wafer A.

J= - ADdc/dx (5)

Ref [3] dedicates a chapter on diffusion coefficients. For a
binary gas system at low pressure, the following formula is
proposed:

Diy = 0.001858 T3/2 [(M; + My)/M; M311/2 p 0152 Qp (6)

With :
D1 : the diffusion constant in [cm?/s]

T : abscolute temperature in [K]
M; My : molecular weights in [mol/g]

p : pressure in [atmosphere]

015 : the Lennard-Jones force constant, which can be
calculated from tables found in ref [3]

{)p : the Lennard-Jones potential function, which can be
determined from tables in ref [3].

As the values of ¢ and Qp for NF3 and atomic F were not
published, we used values for BF3 for calculations with NFj3

and HF to determine ¢ and Fy to determine (i for F.
We shall calculate D here for 2 examples: F in NF5 at 200
mTorr and F in SFg at 10 mtorr, both at 20°C;

1.07, then

i

we obtain for example 1: 0332 = 3.67, Qp
D = 636 cm?/s
we obtain for example 2: 0352 = 4.14, QOp

D = 9129 cm?/s .

The diffusion constant of example 2 is much higher, because
the pressure is a factor of 20 lower.

The concentration gradient is harder to determine. The
arrival of active species is the limiting mechanism if at the
wafer side the concentration is zero: it means that all F
that arrives will immediately be adsorbed-chemisorbed. The
concentration Cp in the plasma is unknown in general.
Qualitative measurements are possible, determining absolute
values is hard to impossible. It is clear that this value is
dependent on the type of plasma and all the plasma parameters
mentioned in appendix T.

For a first order approximation, one can assume that the free
fluorine concentration increases linearly from the wafer on,
till a certain distance xg in the plasma i.e. the

concentration gradient is constant in this plasma region - in

1.105, then
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this plasma "slab" as we will call this region from now on.
Therefore the total fluorine content in this slab is exactly
half what it would be without any gradient, or if no F would
be consumed, as can be seen in fig. 1.

C £ 4 Consumed

Fluor
|

:

1 I B

Wafer X h
S e

Figure 1 : Free fluorine concentration in the piasma.

Outside this plasma slab the concentration Cp is constant,
i.e. the gradient is zero.
Therefore equation (5) becomes for fluorine diffusion:

Jgp = D A Cp/xg (7)

From each mother molecule ( e.g. NF3 or SFg ), an average of
G fluorine atoms is generated by the plasma. Therefore the
concentration of fluor is a factor G/(G+1) of the
concentration of all species, n; assuming that there is no
recombination.

Cp = n { G/G+1 ) (8)
The density n is determined by the pressure of the plasma,

To calculate distance Xg in the plasma, the following
assumptions can be made:

1) the flow of the used gases is homogeneous between the two
electrodes;

2) free fluorine will only be consumed from the place where
the wafer is placed till distance xg in the plasma.

This assumption is a logical conclusion from the fact that
outside the plasma slab the fluorine gradient is zero,
therefore, no fluorine will diffuse from that region to the
wafer.

It is necessary to have a certain concentration gradient in
this slab, if not, no diffusion would take place in this

A5.6



area. We shall consider the assumption of a constant
gradient as sufficiently adequate, if the results of the
following calculations prove to be consistent. 1In reality,
the gradient will depend very much on the type of reactor and
also on the way the atoms move through the reactor chamber.
The total content of free fluorine per unit area in the slab
is : 0.5 Cp xg : half of the fluor is consumed, half remains,
as can be seen in fig. 1: the upper triangle represents the
congumed fluor.

3) From each mother molecule ( e.g. NFy or SFg }., an average
of G fluorine atoms are generated by the plasma. As in these
plasma reactors the pressure remains constant by adjusting a
throttle valve, the total gas flow is higher than the flow of
entering mother molecules f: total flow of all the particles
is then: (G+1)f, the flow of F atoms is G f.

As shown before, it is possible to calculate the flow of
consumed fluor Jp, when the etch rate and wafer

characteristics are known. This flow is exactly the flow
that comes from the plasma slab described just above.

From assumptions 1 and 3 above, we conclude that without F
consumption the F flow per unit of interelectrode distance
between the electrodes would be a constant: G £ / hg

with hg the interelectrode distance.

The flow of consumed fluorine, Jp, is half the flow that
would pass the plasma slab with thickness Xg if no F would be
consumed ( or half of the flow that passes through a region
with thickness xg outside the plasma slab ).

Jp = 0.5Gf xg / hg (9)
thus

We have now 2 eqguations : (7) and (9), in which only Xg and G
are unknown. Combining equations (7) and (8) yields:

Jg = ADn G/ [{(G+tl) Xg]

Combining this with (10) yields:

Xg = [ ADn 2hg / [(G+1) £]1]1/2 (11)
Substituting Xg in (9) and rearranging yields:

GZADNE -G2Jp2 hg - 2 Jp2 hg = 0

therefore:

G = (202 het[Jp? 4he2+8A D n £ Jp2 hell/2)/[2(A D n £)] (12)
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These formulas are valid for any plasma system, for which the
assumptions stated above can be applied.

As a first example we take an experiment from appendix II:
etching in the SWAFER system with the following process : 100
sccm of NF3, 200 mTorr pressure with 50 W AF power in Plasma

Float mode yields an etch rate of 200 nm/min. One can
calculate then from formula (1) that the flow of consumed F

is 34.7 sccm or 9.323 1020 atoms per minute : this is the
flow Jr that has to arrive at the surface. One can calculate
that there are 0.660 1018 species/cc at 200 mTorr and 20°C

[1].
The height between the two electrodes in the SWAFER is 5 om.

The area of a 125 mm wafer is 123 cm2. ‘The diffusion
constant has been calculated above. The flows have to be
expressed in species per second.

f = 4.48 1019 molecules/s
Jg = 1.55 1012 atoms/s

Substituting all these values in equations (11) and (12)
gives :

G = 0.378
Xg = 9.15 Cm

The fact that the calculated xg is greater than the

interelectrode distance means that the reaction is limited by
the generation of the free F atoms, not by the diffusion.

The diffusion would only limit the etch rate if the reactor
would be larger than this distance xg.

Another example is taken from appendix IV : etching in a
Tegal 15xx system with the following process : 80 sccm of
SFg, 10 mTorr pressure with 400 W RF power in Triode I mode
yields an etch rate of 750 mm/min.

The distance between lower and upper electrode, hg, is 10 om.

One can calculate that there are 0.033 1016 gpecies/cc at 10
mTorr and 20°C [1]. The diffusion coefficient is calculated
above. For this example, the flows are

f = 3.59 1019 molecules/s
Jp = 5.81 1019 atoms/s

This results in :

G = 5.93
Xg = 5.76 ¢m

This means that the etch rate is limited by the combined
mechanism generation - diffusion : if the generation rate
would be higher, the etch rate would be faster : Cyp increases

and consequently Jg increases; if the diffusion was faster,
the etch rate would also increase ( F atoms from further off
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in the reactor could also participate in the etching ). oOne
can observe that the generation rate is very high: nearly all
the SFg molecules which enter the reactor, are completely
decomposed.

This model is extremely simple, mainly in the modelling of
the gas flow, which is always more complicated. A weak point
is the importance of the diffusion constant: from formula
(12) one can observe that if Jp is high, G is nearly linearly
proportiocnal to the inverse of this constant. Therefore,
errors in D will greatly influence G, and also xg.

It is very hard to gquantitatively determine the concentration
Cr and the distance xg through experiments. Spatially
resolved LIF measurements could give some indications, but a
special reactor would be necessary, with access for the lasger
beam to several heights above the wafer. So a special design
of windows in the reactor would be needed, which is normally
not available in commercial systems.

1.3} Adsorption and chemigorption.

In this chapter, we ghall not dedicate much attention to
these mechanisms, as we found out that they are in general
not the etch rate limiting steps, as shown below, in section
2

The description in appendix T is adequate for our purposes
here.

1.4) Formation of the wvolatile product.,

As for the chemisorption, the treatment of this step as given
in appendix I is sufficiently adequate, because this step isg
not the etch rate limiting mechanism, in general.

1.5} Desorption

The volatile product, for tungsten : WFg, must leave the
surface., This process can be described by equation (13) [4]:

T = 1To exp (Q/RTg) (13}

With 15: vibration time : typically 10713 g

Tg : surface temperature in [K]

R : universal gas constant : 8.31 J/mol K

Q : activation energy in [J/mol]

T : residence time of an adsorbed molecule in [s]
Q can be determined through tests of "Temperature Programmed
Desorption" (TPD) [5].
For desorption of WFg at least 4 desorption peaks between 300
and 600 K were found, as shown in fig. 2. These peaks were
designated to strongly adsorbed multilayer WFg. Desorption
activation energies of 87, 109, 127 and 145 kJ/mol could be
estimated. A gamma peak was found at lower temperature:
around 170 K, thought to be generated by weakly physisorbed
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WFg. Knowing that the desorption of the alfa 1 peak occurred

at 360 K, we can calculate that the desorption activation
energy of the gamma peak is approximately 41 kJ/mol.

3

a
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Desorption Flux

Figure 2 : WFg TPD spectra from clean W [5].

Using equation (13) at 300 K :

T=10"13 exp ( 41000/8.31 x 300 ) = 1.44 1076 g

One monolaver of W (100) or W (111) consists of approximately
1015 atoms per square cm [6].

Then it is possible to calculate the number of desorbed
molecules per second per cmé if desorption would be the rate
limiting step:

Ng = 1015 / 1.44 10-6 = g.97 1020 molecules/s cm2.

This is the equivalent of the following flow over a complete
125 mm wafer ( if the WFg coverage would be 100% all the
time) :

£ =123 x 60 x Ng = 5.13 1024 molecules/min = 191000 scem .
50, desorption of physisorbed WFg will not be a rate limiting
step.

Usiﬁg equation (13) for the strongly adsorbed WFg:

T=10"13 exp ( 87000/ 8.31 x 300 ) = 143 s

This corresponds with a flow of only 1.89 10°3 scem.

WFg in this state will only be desorbed at an extremely low
rate : this is not compatible with the etch rates observed.
Conclusion: WFg in a weakly bound physisorbed state is the

main participant of the desorption, unless other energy, e.q.
by ion bombardment, is added.
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appendix, the arrival of free fluorine at the wafer surface
is often the etch rate limiting step. The examples in this
section indicate that for low etch rates ( as for the SWAFER

2) Qualitative modelling: Chemical etching versus bombardment
enhanced etching and the influence of tungsten oxide.

As discussed in appendix I, there are some contradictions in
the literature on the following 2 topics:

- chemical etching of tungsten isg possible or not, and how
much is it accelerated by ion bombardment

- the formation of tungsten oxide inhibits etching of
tungsten.

A lot of tests, as described in appendices II to IV, were
performed to address these two items.

2.1) Chemical etching versug ion bombardment enhanced
etching.

In an afterglow etcher one is sure that the etching is merely
chemical, but in systems where the wafers rest on an
electrode, it ig always possible that there is some ion
bombardment. In fact, if the wafer remains within the

electrode, and therefore the wafer, on a floating potential.
This can be done by physically isolating the electrode or
place some very high impedance devices between the electrode
and the ground. The second solution is often the most
elegant, but also less reliable, as sometimes the devices can
have a high impedance for DC currents but not for high
frequency AC currents { as happened for some tests in the
SWAFER equipment, see appendix II ). ‘Therefore one should
always verify the different characteristics of an etching to
check if they are all compatible with chemical etching before
drawing conclusions,

2.1.1) SWAFER etchings.

As reported in appendix II, several dedicated tests were
performed to investigate the mechanisms which govern the
tungsten etching. For this purpose, tests were also
performed with polysilicon wafers. Besides, data obtained
before and described in ref. [7] are available. From these
data conclusions of this section and sections 2.2, 2.3 and
2.4 could be drawn.



2.1.1.1) SFg based plasmas.

In RIE mode, the plasma etching characteristics are:

- "high" etch rates for al] investigated films: tungsten,
polysilicon, but also resist and oxide; resulting in low
selectivities of tungsten ( and bolysilicon ) towards resist
and oxide.

- vertical walls for etching of tungsten, polysilicon and
also silicon nitride.

All this indicates that there is a large amount of
bombardment enhanced etching, as can be expected from an
equipment with AF voltages in the RIE mode. The fact that no
undercut is observed can be explained in two ways: there is
(nearly) no chemical etching, or a sidewall protection is
formed, by carbon containing particles, originated from the
resist. With SF¢ we did not determine which of the 2 factors

is the main reason for the vertical wall profile, but we
assume it is the same as for NF3 etchings, which are reported

below.

In PF mode, the etch rates are extremely low for all the
films. Ref. [7] mentions that etch rates of polysilicon at
50 W AF power are a factor of 3 lower than for RIE etching,
Increasing power to 100 w increased the polysilicon etch rate
by a factor of 3. 1t was observed that there is a large
loading effect: a resist patterned wafer etches 50% faster
than a blanket polysilicon wafer. Furthermore undercut was
observed for both polysilicon and silicon nitride: processes
are purely isotropic.

The etch rate for tungsten was so low that not many tests
were done. For tungsten we had to increase the power to 150
W Lo obtain etch rates of the same order of magnitude as for
RIE etchings at 50 w.

This means that in this equipment both polysilicon and
tungsten etch chemically with SFg, but at very low rates.,

2.1.1.2) NF3 based plasmas.

As reported in appendix II, more tests were performed with
NF3 than with SFg. The main reason is that in PF mode
several interesting phenomena occurred, as will be discussed
later. BAs the etch rate in PF was higher than with SFg
Plasmas, we could study more easily the different
characteristics of the etch processes. Besides, in PF mode
we obtained an excellent process for part of a tungsten back
etch process, as described in appendix IT.

The overall results in RIE mode are similar to etching with
SFg, certainly what concerns the determination of the ion
bombardment etching:

- the etch rates are in genieral higher than for SFg, but the
selectivities remain of the same order of magnitude, they are
@ little bit lower than for SFg in general;

- the wall profiles remain vertical, as well for tungsten
layers patterned with resist as for them Datterned with a
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PECVD oxide. With a resist mask it was not possible to
observe any undercut, while there was an undercut of
typically 100 nm with the oxide mask. This indicates that
there is some chemical etching, but very little. Furthermore,
the resist erosion helps to prevent undercut,, but even
without resist erosion vertical walls can be obtained;

- Ref [7] reports similar trends for polysilicon and nitride
etching.

This indicates very clearly that etching in RIE mode with NF3
based plasmas is bombardment enhanced.

For the PF mode, the results are quite different from the SFg

based plasmas, mainly in the etch rates: for tungsten the
etch rate with NF3 is a factor of 20 higher at 50W AF power

than with SFg, for polysilicon a factor of 5, Etch rates
with NF3 in PF mode are in general less than 50% lower than

in RIE mode, but the difference depends very much on the
process parameters. .,

One has to distinguigh processes with pressures higher than
100 mTorr and lower than 70 mTorr ( the intermediate region
has not been investigated ).

For processes with pressure higher than 100 mTorr the overall
characteristics of the NF3 based PF plasmas are :

- "high" etch rates for polysilicon, tungsten and silicon
nitride. Much lower etch rates for resigt and oxide,
resulting in good to excellent selectivities. Selectivities
of tungsten towards TiN are also excellent.

- always undercut for polysilicon, tungsten and silicon
nitride etch processes: purely isotropic processes. Undercut
of tungsten is independent of the mask type: resist or PECVD
oxide. Undercut can be very severe and does not stop in
time: several microns of tungsten can be removed from under
the mask. This deep undercut is the besgt prove that it is
not necessary to have any kind of bombardment to etch
tungsten.

This indicates very strongly that the etching is merely
chemical.

Therefore, we can conclude that it is possible to rerform
merely chemical etching of tungsten, provided there is enough
free fluorine available, as will be discussed further below.
The loading effect for these plasmas has a rather strange
behaviour: for resist patterned wafers the etch rate
decreases with resist coverage, while for PECVD oxide
patterned wafers the etch rate increases with oxide coverage.
This will be discussed in more detail below.

For processes with pressures lower than 70 mTorr, the
characteristics are rather different:

- the resist etch rate increases very much, so that the
selectivity tungsten to resist is reduced to approximately
1:1;

- no undercut is observed for tungsten layers covered with
resist,

Furthermore 2 other characteristics, typical for the RIE
plasmas are observed: high uniformity and no resist popping
when the wafer leaves the reactor. All this indicates that
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at these bPressures, the plasma behaves rather as an RIE
plasma, with bombardment enhancement .

- In general we can observe that in PF the higher the Pressure,
the more chemically the plasma behaves, €.g9. what considers
undercut.

2.1.2) Tegal 15xx etchings

Only SFg based plasmas were investigated, as no NF3 wasg
available on this equipment.

In Triode I mode RF power is applied to the walls of the
reactor, while the wafer rests on the bottom electrode, which
remaing on a floating potential. This etch mode is very
similar to the PF etch mode of the SWAFER. The main
characteristics of etch processes in this mode are -

- etch rates of tungsten and polysilicon are very high, while
the etch rate of resist is gquite low, resulting in good
selectivities;

- if no AF power isg applied, undercut is cbserved for
polysilicon and for tungsten etch processes.

This indicates that the etching is predominantly chemical.
When even only 10 W of AF power is applied to the bottom
electrode, the characteristics change completely : vertical
tungsten wall profiles can be ocbtained, but the etch rate of
the resist increases considerably.

In Triode II mode, a typical RIE configuration is used -
bottom electrode RF powered and all other conducting parts of
the reactor are grounded. The main characteristics are then:
- still high etch rates, but lower than with Triode I mode
for tungsten and polysilicon, but higher etch rates for the
resist, with much lower selectivities as a conseguence;

- vertical tungsten wall profiles.

This indicates that the etching became ion bombardment
enhanced.

2.1.3) General conclusions

For tungsten etching it is possible to have both ion
bombardment enhanced etching and chemical etching, as long as
there is enough free F available . It is possible to obtain
higher etch rates in the same reactor with chemical etching
than with bombardment enhanced etching, both for tungsten and
polysilicon.

2.2) Determination of the etch rate limiting steps.

The last observation of the former section is a strong
indication that the etch rate will be mainly limited by the
arrival of active particles at the wafer surface. Also the
fact that very high etch rates are possible in Triode I mode
( in the Tegal 15xx ), therefore with chemical etching,
indicates the same. Another indication is the loading effect
that occurs for all etchings, when an appropriate mask is
used.
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Dedicated tests were performed to compare the phenomena which
occur for polysilicon and tungsten etchings. By comparing
the etch rates and the fluorine consumption of the
polysilicon and the tungsten etching, we can draw more
conclusions. At the same time the role of the oxygen in
these plasmas will be explained.

2.2.1) The role of oxygen in the SWAFER etch processes.

2.2.1.1) SFg based plasmas.

We only investigated plasmas in RIE mode in more detail.
The influence of oxygen content on the etch rates of
polysilicon and tungsten is shown in fig. 3. Initially the
etch rates increase with oxygen content, until a maximum is
reached, after which the etch rate decreases. It can be
observed that the maximum etch rate is reached at a lower
oxygen content for polysilicon etching than for tungsten
etching. This behaviour is the same as described in the
literature and explained in appendix I: for low oxygen
content the F content increases with oxygen flow, thereby
increasing the etch rate.
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Figure 3 : Polysilicon and tungsten etch rates asgs a function
of oxygen content for SFg based plasmas in RIE mode.

At higher oxygen flows, there are two effects that decrease
the etch rate: firstly competition between F and O atoms to
make a bond with the Si or W atoms of the layer to be etched
and secondly a simple dilution effect. For the polysilicon
etching the competition is certainly a strong factor, as SiO
is formed which can turn into non volatile products : Si0O, or
SiOF,. For W, WOFy was detected as a possible volatile
compound, together with WFg [8-10]. In this way the etch
rate will remain high or even increase at higher oxygen
contents than for Si etching. Tungsten etch rate probably
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decreases because of dilution effect. {For these tests the
total flow was held constant : therefore an increase of
oxygen flow means a decrease in halogen flow.}

2.2.1.2) NF3 based plasmas.

For the RIE mode, the influence of oxygen on the polysilicon
and tungsten etching is shown in fig. 4.
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Figure 4 : Polysilicon and tungsten etch rates as a function
of oxygen content for NFj3 based plasmas in RIE mode.

Etch rates do not increase ( significantly ) with increasing
oxygen content, nor for polysilicon, nor for tungsten. At
higher flows, the etch rates start to decrease. The fact
that the etch rates remain practically constant for quite a
large oxygen content range, could indicate that the etch rate
limiting step is the chemisorption step. However,
chemisorption should not be slower for these processes than
for the processes in Triode I mode in the Tegal 15xx. In the
Tegal 15xx, the wafer temperature will (probably) be lower
than in the SWAFER.

The ion bombardment factor is hard to evaluate. 1In RIE mode
in the SWAFER, the powered electrode receives ions at much
higher energies than in the case of the Triode I mode of the
Tegal 15xx. As the Tegal 15xx plasmas in Triode I mode are
much intensger, one can suppose that the densities of the
impinging ions are much higher than for the SWAFER plasmas.
Comparing the ion bombardment factor for RIE plasmas in the
SWAFER with Triode I mode plasmas in the Tegal 15xx, one can

suppose that it still will be more effective for the SWAFER
because of the much higher ion energies. However, 1f one
would compare PF mode in the SWAFER with Triode I mode in the
Tegal 15xx, the ion bombardment factor will be larger for the
Tegal 15xx, because of the much higher ion densities, while
ion energies are of the same order of magnitude for both
these types of plasmas.
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The fact that etch rates in the Tegal 15xx in Triode I mode
are a factor of 3 higher than for RIE plasmas in the SWAFER,
while chemisorption and formation of the volatile product
should be higher for the SWAFER RIE mode plasmasg, indicates
that neither chemisorption nor the formation of the volatile
product is the etch rate limiting step for these RIE
processes.

The etch rates are always much higher than for SFg based
plasmas (the other process parameters were the same for the
tests reported here). This is caused by the much easier
decomposition of the NF3 molecule, because of the lower
binding energies between N and F atoms, as shown in appendix
I. As this molecule decomposes easily, oxygen addition does
not increase the formation of free fluorine. The polysilicon
etch rate decreases because of the competition between 0 and
F molecules and forming Si0O, or SiOF;, while for W WOF, is
formed, which is volatile in these types of plasma. At
higher oxygen flows occurs probably a dilution effect.

For the PF mode, completely different mechanisms occur, as
shown in fig. 5.
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Figure 5 : Polysilicon and tungsten etch rates as a function
of oxygen content for NF; based plasmas in PF mode.

Both polysilicon and tungsten etch rates increase with
increasing oxygen content, till they reach a maximum after
which they decrease. The difference is that the maximum for
the tungsten etching is at a much lower oxygen content
approximately 30%, even lower than the maximum for the
polysilicon etching. The mechanism for the polysilicon
etching is probably the same: etch rate decrease because of
competition. For the tungsten, another explanation must be
given. A possible explanation lies in the high boiling point
of the WOFy; molecule: 188°C. This indicates that extra
energy may be reguired to remove this molecule from the
surface. In RIE mode, there is a lot of ion bombardment
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which can remove this molecule from the surface, but in PF
mode, this is not the case. Therefore it is possible that
this molecule remains at the surface, inhibiting further
etching, or at least retarding further etching, instead of
promoting it. For a WOFy molecule, the O to F rate is only
25%, whereas for SiOF3, it is 50%. Therefore the retarding
effect of WOF; will be found at lower oxygen contents than
SiOFy. Ref [11] reports that no WOF; was found, but those
tests were done in a RIE mode.

2.2.2) Fluorine consumption for SWAFER etch processes.

Through formula (1), it is possible to calculate the fluorine
which is consumed during the etching. When using this
formula for the etch processes described above and using an
80% free area for the W wafers ( using a LF mask ), the
obtained results are shown in figures 6-8, when no fluorine
consumption by the resist is assumed.

2.2.2.1) For SFg based plasmas in RIE mode, fig 6.
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Figure 6 : Fluorine consumption for polysilicon and tungsten
etch processes as a function of oxygen content for SFg based

plasmas in RIE mode.

Only in the 25% to 40% oxygen content range is the
congumption of F for silicon and tungsten the same. The
maxima of consumption are approximately the same for W and
Si. This indicates that in this range the arrival of the
fluorine at the surface is the etch rate limiting factor. If
chemisorption would be the etch rate limiting step, it would
be an enormous coincidence that the F consumption of
polysilicon and tungsten etching would be the same, as the
energies to form the Si-F bound and the W-F bound are
different. However, if for both materials, the arrival of
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free fluorine is the etch rate limiting step, it would be
normal that the consumption of the free F would be the same,
as the generation of the free fluorine is not (very much)
dependent on the material which is etched.

The fact that the polysilicon etch rate increases with oxygen
flow at low oxygen flows is an extra argument that the
arrival of free F is the etch rate limiting step, as at these
flows the oxygen increases the formation of free fluorine as
discussed before and alsc in appendices I and II.

At higher oxygen contents it is clear that another mechanism
limits the etch rate of the silicon, in this case the
competition between O and F molecules. For the case of no
oxygen, it seems that another mechanism limits the tungsten
etch rate : the F consumption for polysilicon is 37% higher
than for tungsten: this difference is too big to be explained
only by experimental errors. This anomaly at 0% oxygen will
be observed also for other plasmas. We assume that for all
these plasmas an interaction tungsten-carbon-plasma is
reponsible for the etch rate decrease, as explained in
section 2.4.2.

Maximum fluorine consumption is around 25 sccm of oxygen
flow, for total gas flows of 100 sccm for these testg. This
means that in general only 1 F atom per 3 SFg molecules is
consumed. Therefore it is very probable that the etch rate
limiting step is the generation of the F, not diffusion.

The generation factor, G, and the width of the plasma slab,
Xg, can be calculated using formulas (10) and (12), after
using formula (6) for determining the diffusion constant.

As shown in appendix II, the etch rate for processes with SFg
gas flow of 100 sccm, no oxygen, pressure of 100 mTorr and AF
power of 50 W in RIE mode is in average 140 nm/min, while
having a 20% resist coverage of the wafer. For this case one
cbtains :

G = 0.24

Xg = 8.2 cm.

For processes with gasflows of 50 sccm of SFg and 50 scom of
0Oy, with same pressure and power, the etch rate increases to

180 nm/min. For this case one obtains :

G = 0.47

Xg = 10.6 cm

Both results indicate that diffusion of the free fluorine is
not the etch rate limiting step. In example 2, the generation
of the free fluorine is the etch rate limiting step.
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2.2.2.2) For NF3 based plasmas.

Fig. 7 shows that for RIE plasmas the fluorine consumption is
the same for the tungsten etching and the polysilicon etching
at low oxygen contents. Afterwards, it decreases for the
polysilicon etching.
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Figure 7 : Fluorine consumption for polysilicon and tungsten
etch processes as a function of oxygen content for NF3 based

plasmas in RIE mode.

Once again, this 1is a strong indication that at low oxygen
contents, the arrival of F at the wafer surface is the etch
limiting mechanism. When the consumption for the polysilicon
etching starts to decrease, the competition between O and F
atoms to form bonds with the Si atoms begins, as the fluorine
consumption remains high for the tungsten etching.

Fig. 8 shows the evolution of the F consumption for PF
plasmas.

In the range from 20% to 33% of oxygen content, the F
consumption is approximately the same for polysilicon and
tungsten etching. This indicates that in this range, the
arrival of F atoms at the wafer surface is the etch rate
limiting mechanism. For other oxygen contents, the silicon F
consumption is always higher, indicating that other
mechanisms determine the etch rate of the tungsten. At
higher oxygen contents, a possible explanation is the
formation of WOFy, which is not sufficiently volatile in PF

mode, as explained above. But this figure also indicates

that another etch rate limiting mechanism occurs at 0% oxygen
content, just as for the SFg RIE plasmas, as will be

discussed in 2.4.2,
Just as for the SFg case, the consumption of fluorine is

quite low, the maxima are found around 35 scem of oxygen
flow. Total flows are 100 sccm for the RIE mode, 75 scem for
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the PF mode. Therefore approximately 1 F atom per 2 NFy

molecules is consumed. This indicates that the etch rate
limiting step will probably not be the diffusion, but the
generation of the free fluorine.
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Figure 8 : Fluorine consumption for polysilicon and tungsten
etch processes as a function of oxygen content for NF3 based

plasmas in PF mode.

Just as for the SFg - O, mixtures, one can calculate G and xg
for NF3 - Oz mixtures. The example in section 1.2 was for a
PF plasma with gas flows of NF3 of 100 sccm, O, of 20 scem,
pressure of 200 mTorr and power of 50W; the etch rate was
then 200 nm/min. The result is :

G = 0.38

Xg = 9.2 cm

For a typical RIE plasma with NF3 flow of 100 sccm, pressure
of 150 mTorr, 50 W AF power, with etch rate of 254 nm/min,
the calculations yield :

G = 0.38

Both these results indicate that generation of free fluorine
is the etch rate limiting step.

2.2.3) The role of oxygen in the Tegal 15xx etch processes.

For Triode I mode, the influence of oxygen content { when
mixed with SFg ) on polysilicon and on tungsten etch rate is

shown in fig. 9.

The polysilicon etching remains nearly constant, until it
starts decreasing at higher oxygen flows. This decrease is
probably due to the competition of F and O atoms for the 8i
atoms.

For the tungsten etching, a significant etch rate increase
occurs from 0% to approximately 15% of oxygen content.
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Afterwards, the etch rate remains constant, at least for the
oxygen range investigated.
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Figure 9 : Polysilicon and tungsten etch rates as a function
of oxygen content in Triode I mode.

The results of these etch processes are surprisingly similar
to the results obtained in the SWAFER in PF mode, although
there NF3 was used (see above and appendix II). The main
points of agreement are:

- the tungsten etch rate is lowest with no oxygen added; even
with a 50% O, flow, the etch rate remains very high;

- the selectivity towards the resist does not decrease with
O, flow, on the contrary. The selectivity is lowest when no
0O flow is present.

There is a difference between the SWAFER and Tegal 15xx etch
results in the fact that in the Tegal 15xx the polysilicon
etch rate starts decreasing at small Oy flows, while for the
tungsten etch rate, its maximum is at a higher O, flow than
for the polysilicon etch rate.

The reason for the fact that the polysilicon etch rate does
not significantly increase with oxygen content, even at low
oxygen contents, is that the efficiency of the magnetically
confined plasmas is extremely high, therefore, oxygen
addition does nearly not help the formation of free fluorine.
This was observed in the actinometry measurements, as
reported in appendix IV, and used in the explanation of the
polysilicon etch rate behaviour. In section 2.2.4, we shall
quantify this phenomenom.

The fact that the tungsten etch rate drops at a much lower
oxygen content in the SWAFER than in the Tegal 15xx can be
attributed to the difference in ion bombardment. As
explained before in section 2.2.1., the ion bombardment is
more intense in Triode I mode of the Tegal 15xx than in PF
mode in the SWAFER. Therefore it is possible that the ion
pombardment in the Triode I mode is sufficient to remove the
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WOFy, where it did not succeed in the PF mode in the SWAFER.
Then the etch rate in the Tegal 15xx remains high at higher
oxygen flows, while it decreases in PF mode in the SWAFER, as

explained above.
The possible mechanisms behind the low tungsten etch rate at
0% 05 flow will be discussed in section 2.4.2.

For Triode II mode, the influence of the oxygen content on
the polysilicon and tungsten etch rates is shown in fig. 10.
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Figure 10 : Polysilicon and tungsten etch rates as a function
of oxygen content in Triode II mode.

In this case no ( significant ) increase of etch rate is
observed nor for polysilicon, nor for tungsten. The etch
rate of the polysilicon decreases at the higher oxygen
content. This decrease is probably due to the competition of
F and O atoms to form a bond with the Si atoms.

These results are surprisingly similar to the RIE etching
with NF3-0O, mixtures in the SWAFER : compare fig. 4 with fig.
10.

Purther characteristics of this etching, as already commented
in appendix IV:

- the tungsten etch rate is lower than in Triode I mode;

- the uniformity is much higher than for Triode I mode;

- the resist etch rate is much higher than in Triode I mode .
At low oxygen flows the resist etch rate is almost
independent of oxygen flow. At high oxygen flows, the resist
etch rate increases with higher O, flow.

2.2.4) Fluorine consumption for Tegal 15xx etch processes.

It is possible to calculate the F consumption of an etch
process as shown in appendix I, using formula (1). For the W
wafers, we assumed a free W area of 90 % { a different mask
with less resist at the border of the wafer was used than for
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the SWAFER etchings ). No F consumption by the resist is
assumed. This results in fig. 11.
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Figure 11 : Fluorine consumption for polysilicon and tungsten
etch processes as a function of oxygen content in Triode I
and Triode IT modes.

This figure shows that there is an extremely good agreement
in fluorine consumption for the Triode IT mode between the
tungsten and the polysilicon etching. This is a very strong
indication that the etch rate limiting mechanism is the same
for both etchings at low oxygen contents: the limited number
of fluorine particles that reaches the wafer surface. As
there is no W etch test done at 50 % oxygen content, it is
not possible to determine what causes the fluorine
consumption of the silicon etching to decrease at the 50%
oxygen content. Analogy with the SWAFER results suggests the
competition of O with F atoms to react with the silicon atoms
at the wafer surface. The fact that oxygen addition does not
increase fluorine consumption is explained in section 2.2.3
above. The fluorine consumption is much higher for these
plasmas than for the SWAFER plasmas. For a total flow of 96
sccm, 80 scem of F is consumed. This means that 1 atom of F
is consumed per molecule of SFg.

As shown in appendix IV, section 4, for the polysilicon
etching, at low flows this ratio is still higher: the
discharge decomposes very efficiently the SFg molecules.

This is also the reason why there is little influence of the
oxygen addition on the etch rate.

For the Triode I mode, there is good agreement in the range
from approximately 10% to 30% oxygen content. For higher
oxygen content, the tungsten etch process consumes much more
fluorine than the polysilicon etch process. We propose the
traditional explanation: the etch rate and the fluorine
consumption of the polysilicon etching decreases because of
the competition between F and O atoms at the silicon surface:
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the oxygen atoms form a Si-O bound, that afterwards SiO can
form the non-volatile SiO; or SiOF, molecules, in this way
decreasing the etch rate. The same competition between O and
F occurs also at the W surface, but there one can also form a
WOF4 molecule, which is volatile in these plasmas, thereby
not limiting the etch rate. As the F consumption of the W
etching is still high, and much higher than the F consumption
of the polysilicon etching, one can conclude that the reason
of the etch rate decrease of the polysilicon etching is not
the lack of free fluorine atoms, but rather another
mechanism, i.c. the formation of non-volatile products on the
wafer surface.

The difference in F consumption at 0% oxygen is harder to
explain. The polysilicon F consumption shows that there is
sufficient free F to obtain etch rates similar to the
processes with more O,. This means that there is another

etch rate limiting mechanism for the tungsten etching when
there is little or no O, flow in Triode I mode. In Triode II

this phenomenom does not occur, but one has to observe that
in Triode I even for the 0 sccm Oy flow etching, the etch
rate and thus also the F consumption is higher than for
whatever Triode II etching. Once again, the similarity with
the PF etching with NF3 and no 0o gas in the SWAFER is
striking. This indicates that the oxygen plays an active
role in the {(chemical) etching of the tungsten, not only in
the formation of the free fluorine atoms. In section 2.4.2
we shall discuss this fenomenom within a larger context and
try to explain it.

For both Triode I mode and Triode II mode, one can calculate
the generation factor G and the width of the plasma slab, xg,
using formulas (10) and (12) after determining the diffusion
constant from formula (6).

In section 1.2 an example of Triode I mode was already been
calculated :

G = 5,93
J{S = 5,76 Cm,
For the same process parameters in Triode II mode, i.e. : 80

scem of SFg flow, 10 mTorr pressure, 400 W RF power, with a
wafer with 5% resist coverage, the etch rate was 492 nm/min,
One calculates then :

G = 2.93

Xg = 7.3 cm.

For both cases, the etch rate is limited by both the
generation of the free fluorine and the diffusion of these
atoms to the wafer.

2.3) Formation of tungsten oxide through oxidation of a
fluorinated layer.

As described in appendix II, sections 3.3.3.1 and 2, and in
appendix III, tungsten oxide layers are formed when tungsten
leaves the reactor after being partially etched by a fluorine
rich, chemically etching plasma. The fact that this
oxidation occurs in two completely different systems, the
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SWAFER and the Matrix 303, indicates that it is a general
phenomenom, not related to a certain eguipment.

The main results of the Auger measurements and the
oObservations made in appendix II, which will help us to
explain this oxidation, are: ,

- the wafer oxidizes when it arrives into air, it does not
oxidize in a nitrogen atmosphere, nor in the plasma itself;

- the depth profiles of the F and the O concentrations are
very similar;

- no F is found in a wafer which remained in air for a few
hours.

We propose the following mechanism for the formation of these
oxides: in the NF3-0O, plasmas a lot of free fluorine is
formed. A lot of free fluorine arrives at the wafer surface.
A part of the fluorine is used to remove the tungsten,
forming mainly the volatile molecule WFg, through a mechanism
called associative desorption, as described in ref [6], a
part is able to diffuse into the tungsten. When a wafer
comes into air, which always contains water vapour, we assume
that the following reaction occurs:

W-F + H-H-QO -> W-O + H-F + H .

The HF evaporates into air and the W-O bounds are formed,
resulting in the tungsten oxide laver observed. This
explains why the depth of the oxygen in the tungsten sample
which came in contact with air is the same as the depth of
the fluorine in the tungsten of a sample which came not in
contact with air.

The reason that there is no F or O found in the samples that
have been etched in RIE mode is in the first place that the
formation of free fluorine is much less in this mode. At 25
kHz it is very hard to perform accurate actinometry to
verify this [11].

Furthermore, as shown above and in appendix IV, the etch rate
is higher in RIE than in PF mode: this can easily be
explained through the ion bombardment which increases the
etch rate [12]. Therefore, the adsorbed fluorine at the
surface of the tungsten film will be much lesg than in PF
mode. In PF mode, one can assume a completely saturated
tungsten surface, full of WF3 and WF4 compounds. In the RIE

mode, there will be much less - if any - of these, because of
the ion bombardment. Therefore, there will be no F in excess
to diffuse into the bulk.

The oxide layers created by the Matrix 303 are thicker than
the oxide layers of the SWAFER. Oxide layers in the SWAFER
differ in thickness: near large resist areas, where the
etching is slower, the oxide is thicker than far away from
the resist, see also below. The Matrix 303 is an afterglow
etcher: the wafer is not inbedded in the plasma. Therefore,
no bombardment occurs: the etching is really completely
chemical. Therefore, even for higher fluorine concentrations
in the Matrix 303, the etch rate can be lower than in the
SWAFER, where always some ion bombardment occurs [13]. Thus
the fluorinated layer in the Matrix 303 will be thicker than
in the SWAFER, explaining the thicker oxides.
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The fact that no F is discovered in the wafers with SFg

etchings in the SWAFER can be attributed to the fact that
much less free fluorine is formed in these etch processes, as
can be seen in the much lower etch rates if the same power is
applied in PF mode.

Perhaps the formation of the oxide is linked to the presence
of NF3, as no oxidation was observed in Triode I mode in the
Tegal 15xx, when SFg based plasmas were used. On the other
hand, there is more ion bombardment in Triode I mode in the
Tegal 15xx than in PF mode in the SWAFER. Therefore it is
possible that this ion bombardment removes the fluorinated
layer. This is compatible with the fact that there is also
enough ion bombardment to remove the WOFy product molecules
in the Tegal 15xx, while they were not removed in the SWAFER
in PF mode. The only way to verify the possible difference
between SFg and NF3 plasmas is to perform experiments in the
Tegal 15xx with NF3 or in the Matrix 303 with SFg.

Unfortunatley, this was not possible, as these equipment were
used for standard processing and therefore the gas
configurations could not be changed.

2.4) Tungsten oxide formation in general and its influences.
2.4.1}) Influence of pre-treatments.

In the literature contradictions were found on the formation
of tungsten oxide [9,14] and its influence on the etch rate.
We did several tests with the SWAFER, see appendix ITI,
sections 3.2 and 3.3, and drew the following conclusions:

- leaving the wafer a long time ( weeks )} in the air or
submitting it to an oxygen plasma at temperatures under 200°C
{before etching), does not form a tungsten oxide which
decreases the etch rate;

- when submitting the wafer to an oxygen plasma at
temperatures higher than 250°C, a tungsten oxide layer is
formed which decreases the etch rate;

- a tungsten oxide formed through oxidation of a fluorinated
tungsten layer, as described in section 2.3 above, decreases
the etch rate.

The Auger spectra, discussed in section 2.3 and appendix ITI,
section 3.3.3.2, indicate that if a W03 like compound is
found at the wafer surface, the oxide is formed by chemical
bonds and resists the plasma, as is the case for the oxides
formed in the PF mode in the SWAFER. Wafers that were left
in an air ambient for weeks had WOy compounds at the surface,
with x<2: in this case the oxygen was only adsorbed and the
oxide forms no impedance for the plasma etching.

2.4.2) Influence of the resgist.

The influence of the resist coverage is normal for most
processes. What occurs typically is a loading effect: the
etch rates of the underlying films will be higher when these
films are covered more by a mask, typically a resist. 1In
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this way, one can characterize the loading effect that occurs
during back etching of tungsten plugs, as described in
appendices I, II, and IV. The reason for the higher etch
rates is the fact that when less f£ilm surface is available
for etching, this smaller area will be etched faster with the
same concentration of active particles, in our cases fluorine
atoms, because on the whole, less free fluorine will be
consumed.

This behaviour is observed for Triode II processes in the
Tegal 15xx and in the SWAFER for processes in the RIE mode.

{ No tests were done in Triode I mode in the Tegal 15xx. )

In the SWAFER, the inverse was observed for PF processes: the
less resist coverage, the higher the etch rate. Increase of
AF power did not increase the tungsten etch rate of a DF
patterned wafer. Ref [7] however mentions a traditional
loading effect for polysilicon etching in PF mode with SFg.

Tests with blanket tungsten wafers and with PECVD oxide
masked wafers show that the etch rates are highest for a
PECVD oxide DF patterned wafer. The etch rate decreases in
the following order ': PECVD oxide LF patterned wafer,
followed immediately by : blanket wafer, then resist BF
patterned wafer, and the lowest etch rate occurs for a
regist DF patterned wafer.

Furthermore, we observed that in PF mode near large resist
areas, the etch rate decreases : this is best illustrated by
the type of non-uniformity for the PF etch processes: for a
blanket wafer, the etch rates are highest at the border; for
a resist patterned wafer, with resist in the outer 8 mm of
the wafer: the etch rate is lowest at the border. A similar
phenomenom happened near a region where the resist was not
patterned, already inside the wafer : as reported in appendix
IT, section 3.3.3.4, near this area, the etch rate is lower:
the influence of the resist is observed several mm from the
area. On the other side, lines up to 20 um wide do not
influence the etch rate: the rates are the same in spaces
between 2 um wide lines as between 20 um wide lines.

The presence of the resist does also alter the tungsten oxide
colours for some PF processes. As described in appendix II,
section 3.3.3.2: nearby a large resist area, oxygen was found
till 2.5 times the depth it was found at places 6 mm from
this area. Therefore, we assume that the F has diffused a
factor 2.5 more near the resist than far away from the
resist. This indicates that the etch rate decrease by the
resist is not due to lack of fluorine atoms. This is also
consistent with the fact that the resist etches very slowly
in PF mode, therefore, it will not consume nor F nor O atoms.
The fact that the F arrives at the tungsten surface, but the
etch rate is lower indicates that some mechanism either
inhibits the formation of the volatile molecule or that it
inhibits the desorption of this molecule.

This mechanism probably is governed by the presence of
carbon. It was not possible to establish exactly which
mechanism is responsible for the etch rate decrease, but it
is probably the same one which is responsible for the
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following aspects of tungsten etching and resist stripping in
other eguipment

- it is found that the particulate count in afterglow
strippers increases very much after stripping of tungsten
wafers;

- particulate count in etchers also increases very much when
regsist patterned tungsten wafers are etched in a system, and
cleaning is very difficult.

These phenomena indicate a strong interaction resist-
tungsten-plasma, though this interaction has not been
identified, and not even been acknowledged in the literature.
Another phenomenom which indicates that tungsten etching
still guards some secrets, is the fact that after etching
tungsten wafers in a reactor, even with "innocent® gases such
as SFg, the etch rates of other materials decrease, even

after strict plasma cleaning procedures. The first results
of the SFg etchings in the SWAFER also indicate a certain

passivation process which decreases the etch rate. As no
specific research was done to identify the problem, no
stringent conclusion can be drawn. But the same resist-
tungsten-plasma interaction occurred and could, as least for
a part, be responsible for this phenemenom.

It is known that the presence of carbon in the deposition of
W from WFg, causes the formation of beta W : which has a much

lower conductivity, but also lower etch rate [14]. An X-Ray
Diffraction (XRD) analysis was performed on a wafer, oxidized
after a PF process, but no beta W was detected. Therefore,
the formation of beta W is probably not the reason for all
thege phenomena.

Another explanation can be the formation of W-C bonds, which
inhibit the etching. There is always some ion bombardment of
whatever surface which is placed in a plasma [1]. Therefore,
even in PF mode, some low energetic lons bombard the wafer
surface. This bombardment will not be enough to break the W
bonds, but possibly it can remove some carbon from the
resist, which is redeposited onto the W surface, where it can
form W-C bondg. At these sites, it will be more difficult to
form W-F bonds and therefore the etch rate decreases. Thisg
is a reasonable explanation for the decrease in fluorine
consumption for the etching in PF mode in the SWAFER and for
Triode I mode in the Tegal 15xx for a 0% oxygen content.
Indeed, in RIE mode, the W-C bonds can be destroyed by the
ion bombardment and when oxygen is available in the plasma,
it will bind itself easily with the C, forming CO and CO5.
These molecules are alsc much more stable than the W-C
complex. Special tests should be performed to sustain this
theory, e.g. by etching blanket wafers, also in the Tegal
15xx. ( The fact that blanket tungsten layers etch faster
than tungsten patterned with resist in PF mode in the SWAFER,
is compatible with this theory. )

Another explanation can be the influence of the oxygen
molecules on the voltage over the plasma sheath. SFg and NF3
are both very electronegative molecules; they tend to capture
free electrons. Very often other gases are added to make
their plasmas more stable. The capture of free electrons
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leads to lower DC bias voltages and lower plasma sheath
voltages. Therefore, the addition of oxygen will increase
the DC bias voltage and the voltage over the plasma sheath.
As ref [13] states that very low ion energieg cause
considerable tungsten etch rate differences, and as the
experiences with the MATRIX 303, as also commented in
appendix III above, indicate, this small plasma sheath
voltage can have a serious impact. Therefore, it is possible
that the addition of small quantities of oxygen changes the
etch rate and even the etch rate limiting mechanism.

The fact that several um of undercut can be found in some
etch processes, indicates that this last mechanism alone is
not a sufficient explanation. Combination of the last 2
mechanisms is not contradicted by the experiments.

3) General conclusions.

The overall mechanisms as described in the literature and
discussed in appendix I were confirmed in this work. On the
part of the contradictions, we were able to draw the
following conclusions :

1l: It is possible to etch tungsten in a merely chemical way,
as long as enough free fluorine is available.

2: It is possible to etch tungsten in an anisotropic way if
enough ion bombardment occurs.

3: Leaving wafers in air or submitting them to an oxygen
plasma, at low temperatures, does not form a tungsten oxide
which inhibits etching of the tungsten layer.

4: When tungsten comes in contact with oxygen at high
temperatures (>250°C) or when a wafer comes in contact with
air after being etched with a gas mixture containing NF3 in a
chemical way, a tungsten oxide is formed which inhibits { or
delays ) etching of the underlying tungsten.

5: The presence of resist decreases the etch rate of tungsten
for a chemical etch process with a NF3 - 02 mixture. The
complex resist-tungsten-plasma causes several strange
phenomena which are not all understood.

6: The etch rate limiting mechanisms for tungsten etching
discovered in this study, are

- in general the limited arrival of free fluorine atoms;

- at zero ( or low ) oxygen flow, the interaction tungsten -
plasma - carbon decreases the etch rate;

- at high oxygen flow, the main responsible of the etch rate
decrease can be the competition between F and O atoms to form
the product molecule or the dilution effect, decreasing again
the arrival of the free fluorine.

4) Suggestions for further research, with the existing
equipment.

1: Investigate more thoroughly the influence of process
parameters and pre-treatments on the tungsten oxide formation
in chemical etch processes with NFj.

2: Investigate the influence of the resist on the chemical
etch process, mainly in the Tegal 15xx and the Matrix 303.

A5.30



3: Investigate the use of other gas mixtures for tungsten
etching, e.g. using HBr as an additive gas to SFg, NF3 or
even Clo.

4: Combine the knowledge of polysilicon etching and tungsten
etching to develop tungsten silicide etching.
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List of Symbols

2 : area of the wafer

¢ : average thermal speed of species

C : concentration

Cr : concentration of atomic fluorine

d: diameter of the wafer
D : diffusion constant
E : electron energy

Ey : activation energy (used for etch rate)

Eg : excitation efficiency
f : incoming flow of species

f(E): electron energy distribution function

G : generation factor (of atomic
h : Planck's constant

fluorine)

he : height between the electrodes of a parallel plate

reactor

hi : step height of measurement i
Ix : light intensity emitted by species X
Jp : Flow of consumed F during etching

Jwre : Flow of desorbed WF6é during etching

k : Boltzmann constant
LE : loading effect

1LE, : loading effect at the border
LE. : loading effect in the center

m : molecular mass

M; : atomic weight of species i
n; : density of species i in the
ODF : wafer covered with a PECVD
OLF : wafer covered with a PECVD
p : : pressure

Q : activation energy ( used for
r : etch rate

rpr : resist etch rate

rgioz @ oxide etch rate
ry : tungsten etch rate
rppF ¢ tungsten etch rate at the

wafer
rprF : tungsten etch rate at the

wafer
rcpF @ tungsten etch rate in the

wafer

repp @ tungsten etch rate in the
wafer

R : universal gas constant

R2: correlation factor

plasma

oxide dark field mask
oxide light field mask

desorption)

border of

border of

center of

center of

a DF pattermned
a LF patterned
a DF patterned

a LF patterned

RDF : wafer covered with a resist dark field mask
RLF : wafer covered with a resist light field mask
Rgp : resistivity of the material

Rgq @ sheath resistance of a layer

S : selectivity
t : time



t1 : thickness of the layer

tpr : thickness of resist layer

ty : thickness of the tungsten layer
T : temperature

Tg : wafer surface temperature

U : uniformity of tungsten etch rates
Upr : uniformity of resist etch rates

Upr : uniformity of tungsten etch rates of a light field

patterned wafer

Upp : uniformity of tungsten etch rates of a dark field
patterned wafer

v{E} : electron velocity, as a function of the electron

energy
w : weight of the wafer

Xg : width of the plasma slab
v : average value of the measured results

y; : experimental result, as measured
: result as predicted by the model

-
-
-
-

Yei

v : frequency of the foton

p : density of the material

¢ : standard deviation

0g(E) : collision cross section for excitation
032 : Lennard-Jones force constant

T : residence time of an adsorbed molecule

To: vibration time
Qp: Lennard-Jones potential function



