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Aula 09 — Pulverizacao Catodica - Sputtering—cap 8e 9

» Interacdo Plasma-Superficie

» Sputtering Yield

» O processo de deposicao por Sputtering
» Configuracdes de Reatores

» Sputtering Reativo
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Interacao Plasma/Superficie

Processos bombardeamento i6nico na superficie
» Reflexao

» Movimentacdo Atdmica / Defeitos
» Implantacao

» Ativacao Quimica da Superficie

» Reacao com a Superficie

Figure 8.15 Effects of bombarding ions on surface atoms: (a) adsorbate removal or
chemical activation, (b) lateral displacement, (c) surface vacancy created by sput-
tering, (d) surface vacancy created by displacement to an adatom position, (e)
knock-on implantation of an impurity atom, (f) knock-on implantation of a film
atom, (g) crevice filling by ion-enhanced surface mobility, (%) crevice filling by for-
ward sputtering, and (i) breakup of 3D nucleus. Note that processes ¢ through f
also involve the subsurface.
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Interacao Plasma/Superficie

Processos bombardeamento i6nico na superficie

» Sputtering

surface Figure 8.16 Types of atomic dis-
placements produced in the col-
© o © O lision cascade. The heavy line is
vy

the path of the impinging ion.
O O‘O/ O (a) Frenkel-pair creation, (b)
a replacement collision, (¢) sput-
O 0O (O tering, and (d) ion mixing. All
interface displaced atoms shown are pri-
® mary knock-ons except atoms (e)
® ®\® * and (f), which are secondary and

tertiary knock-ons.

® o o @
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Sputtering Yield - rendimento

Limiar de Sputtering (E,)

» Energia minima dos ions (E,) para eje¢cdo de atomos de um alvo especifico

» Depende da massa do ion (M), da massa do atomo do alvo (M,),e da energia (calor especifico) de
sublimag¢ao do alvo (AH)

» Ndo ha uma equagdo exata para E,
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Sputtering Yield - rendimento

Limiar de Sputtering (E,)

» Energia minima dos ions (E,) para eje¢cdo de atomos de um alvo especifico

» Depende da massa do ion (M), da massa do atomo do alvo (M,),e da energia (calor especifico) de
sublimag¢ao do alvo (AH)

» Ndo ha uma equagdo exata para E,

» EquacOes empiricas:
=ParaM,<0,3M, E,=AH/(1 -V )Vm

*ParaM;>0,3M, E, = BABH(Mi/Mt)zl5

Y, = fracdo de energia transferida para o atomo ejetado (“sputterado”)
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Sputtering Yield - rendimento

Yield de Sputtering Y,

» Numero de dtomos ejetado / ion incidente

4.2chn
Y =
8 ASH

a = coeficiente de se¢do de choque (depende de M,/M.) - adimensional
S, = poder de parada nuclear (nuclear stopping power) depende de E; (eV-nm?/atom)

AH = energia (calor especifico) de sublimag¢ao do alvo
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Sputtering Yield - rendimento e

& Si- TARGET / -
. . ° Cu- —n— / {12
Yield de Sputtering Y, . Ay —— / 4
a Ay~ —r—
» Numero de dtomos ejetado / ion incidente / “A {10
/-
I” ) 3 :0-3 o
4.2(I.Sn // APl H0s %

YB - ASH L a ﬁ;{!’*’. 0 {04

» Dependéncia de a com M,/M, N T B R
10

Figure 8.28 The factor o of Eq. (8.37). Dashed line was calculated from transport theory
(60], and data points from measured sputtering yields for the targets indicated and
ions of various masses, M;. (Source: Reprinted from Ref. 58 by permission.)
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Sputtering Yield - rendimento -
Yield de Sputtering Y, :
» Dependéncia com a energia dos ions S .
I z
é - 4
v - 42aSn E s |
= T z
s AH PoE :
S z [ ]
ot )
=
10~ I _
Figure 8.26 Sputtering yield, Y,, near threshold, E,, for the elements Be, C, Al, Si, Tj, 105 i Y U
V, Fe, Ni, Zr, Mo, Ta, W, and Au, normalized as Y, as described in the text. (Source: 1 101 102 109

Reprinted from Ref. 57 by permission.)

Normalized Ion Energy, E;/E,
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Sputtering Yield - rendimento  “f o’
: o
Yield de Sputtering Y, : .\h";?--
» Dependéncia com a energia dos ions 'g‘ ';‘:."3
P |
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- .‘H. .
103 _
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Figure 8.27 Measured sputtering yield for Ni and TRIM-code calculation for various ions
impinging perpendicularly. [Source: Reprinted from Ziegler (1985) by permission of E;, Incident Energy (eV)
Macmillan Publishing Co., copyright © 1985 by Pergamon Press.]
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Sputtering Yield - rendimento

Yield de Sputtering Y,
» Dependéncia com o dngulo de incidéncia

» Para angulos < 60 graus, Y, a 1/cos(0)

Figure 8.29 Dependence of sputtering yield on ion incident
angle, 6, for 1.05-keV Ar*. (Source: Reprinted from Ref. 69

by permission.)
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Deposicao por Magnetron-Sputtering

Principios e elementos basicos

» Pulverizacdo catédica - sputtering

jon do © Elétron
Plasma Secundano
0

Atomo
Ejetado

Car?cla\g)ado @‘ @ ‘
Negativamente O (%) o @ @
g olelelele

~~~~~ p i (sistema magnefron
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Deposicao por Magnetron-Sputtering

O processo
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Deposicao por Magnetron-Sputtering

Caracteristicas

» Pressoes de trabalho (~1 a 100 mTorr)
= Deposicao direcional
= Deposicao nao-balistica (maioria)
= Efeito de sombra

» Principalmente usada para
= Filmes metalicos

= Oxidos e nitretos
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Deposicao por Magnetron-Sputtering

Vantagens

» Baixas temperaturas (temp ambiente pode ser usada)
» Variedade de alvos sélidos (e liquidos) que podem ser usados
» Altas taxas de deposicao (até 100nm/min)

» Facil adicdo de elementos:
= Sputtering reativo

= Co-sputtering

Desvantagens

» Contaminacdo pelo plasma:
= do proprio gas (mesmo inerte — Argonio)
= das superficies em contato com o plasma
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Deposicao por Magnetron-Sputtering

CO-SPUttering (unico aIVO) X=0.00 X=0.02 X=0.05 X=0.08 X=0.18

Alvo de Ga
1} 1 ) 1 ) 1
0,20 + ) 1
Vista superior Regiao de maior 1 I I 1
taxa de sputtering 0,16 4 11&» T )
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Journal of Crystal Growth 294 (2006) 309-314 [

Laboratério de Plasmas e Processos %& 5@5
Z ' LFF 3 Qh"_é MT-203 Ciéncia e Tecnologia de Filmes Finos - Prof. Douglas Leite

www.lpp.ita.br



Configuracoes de Reatores

Feixe de ions (lon Beam) . . Arplasma
-1k D

1||

ion gun

resputtered
atom

_—— substrate
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®
. fast Ar
Cu backlmtge \ sputtered
pla atom
target (@)
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Configuracdes de reatores

Descarga luminescente

magnetron cathode fall
—— Ar plasma
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Configuracoes de Reatores

Sistema Defletor

Vacuum chamber

Substrate

Reactive gas
inlet

Baffle

Fig. 8. Schematic of baffled magnetron sputtering system.
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Configuracoes de Reatores

Multi-alvos

To
pump

FiG. 52. Cross-sectional view of a roll-to-roll sputter web-coating system
containing five rectangular planar magnetrons, each in a separately pumped
chamber. The flexible substrate is fed from the spool in the upper left, via
rollers and tensioners, onto the coating drum and then sequentially through
the deposition chambers. The final product is wound onto the output spool
in the upper right. Reproduced with permission from Ludwig et al.. Proc.
IEEE 93, 1483 (2005). Copyright 2005 by IEEE.
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Re-sputtering o N

V,~ -1000

Figure 8.30 Improvement of film coverage over steep

Figure 8.31 Cross-sectional scanning electron micrographs of sputtered Al coverage over steps by resputtering du.ring deposition. Thickness
a grooved substrate for various resputtering rates given as a percentage of the deposi- : : 2

tion rate: top left, 0%; top right, 40%; bottom left, 50%; bottom right, 70%. (Source: prOﬁ]es. are shown without (das.hed line) and with
Reprinted from Ref. 68 by permission.) (area with hash marks) resputtering.
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Sputtering Reativo

» Plasma composto por gases que irdo fazer parte do filme

» Exemplos
= Alvo de Ti + plasma de O, (+Ar) = TiO,

= Alvo de Al + plasma de O, (+Ar) = Al,O,
= Alvo de Al + plasma de N, (+Ar) = AIN

DC or RF Power
= Alvo de Ga + plasma de N, (+Ar) = GaN I

Target
Ar
Pump
Reactive gas Substrate
| |

Fig. 3. Schematic of a simple reactive sputtering system.
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Sputtering Reativo

Problemas

» Diminuicao da taxa de Sputtering pela menor massa dos ions bombardeando alvo
» Complexidade de oferta de precursores (podem agora ser moléculas Ti-O, Ga-N)

» Reacao com a superficie do alvo (envenenamento)
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Sputtering Reativo

Problemas

» Diminuicao da taxa de Sputtering pela menor massa dos ions bombardeando alvo
» Complexidade de oferta de precursores (podem agora ser moléculas Ti-O, Ga-N)

» Reacao com a superficie do alvo (envenenamento)
= Alteracdo da composicao do alvo com o tempo (gradiente de processo)
= Parte da superficie do alvo passa a ser um composto (TiO,, AlIN,...) com diferente Yield de sputtering
= Diminui¢do da taxa de deposicao pela diminui¢do de Yield do alvo (A;H composto > AH metal)
= Alteracdo na composicao/estequiometria do filme
= Efeito de histerese (memoria)

Laboratério de Plasmas e Processos %@ éﬁ
4 LFF J:i. MT-203 Ciéncia e Tecnologia de Filmes Finos - Prof. Douglas Leite

www.lpp.ita.br



Sputtering Reativo

Problemas
» Diminuicdo da taxa de Sputtering pela menor massa dos ions bombardeando alvo

» Complexidade de oferta de precursores (podem agora ser moléculas Ti-O, Ga-N, etc...)

» Reagao com a superficie do alvo (envenenamento) (a) Target
. . , 0, . (1-8
= Efeito de histerese (memoaria) | ——| A
| I R — L
1, 1,
8 #‘ Q
o
i Q
Eﬂ Reactive gas supply :> P
.q:.) Qtot
§ To pump
a. Figure 9.9 Typical process behav- Q.
@ ior of metal sputtering in reac-
E tive gas i, with the mass flow | .
o rate of Ar fixed. | A
= - : : -
Mass Flow Rate of Reactive Gas, Q; Oc (1-6,)

Collecting area including substrate
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Sputtering Reativo

Problemas — como contornar
» Usar pressoes parciais de gases inertes significativamente maior que a do gés reativo
» Anel de Injecdo de gés inerte na proximidade do alvo

» Pré-sputtering com gas inerte — limpeza do alvo evitando efeito de memoaria do experimento anterior
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Sputtering Reativo

Problemas — como contornar
» Usar pressoes parciais de gases inertes significativamente maior que a do gés reativo
» Anel de Injecdo de gés inerte na proximidade do alvo

» Pré-sputtering com gas inerte — limpeza do alvo evitando efeito de memoaria do experimento anterior

» ENTENDER E CONTROLAR O EFEITO — Modelos matematicos como o Modelo de Berg

Fundamental understanding and modeling of reactive
sputtering processes

*
S. Berg™, T. Nyberg
The Angstrom Laboratory, Uppsala University, Box 534, 751 21 Uppsala, Sweden

Thin Solid Films 476 (2005) 215-230
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Conclusoes

» Sputtering é uma técnica versatil e relativamente simples e barata para o producao de filmes finos
» Filmes metdlicos sao os mais estabelecidos pela técnica
» Principal parametro do material alvo é o rendimento de Sputtering (Yield)

» Deposicao é majoritariamente direcional — efeito de sombra (ao contrario do CVD e PECVD)
= Controlar o re-sputtering pode ajudar a depositar uniformemente em degraus

» Filmes compostos e ligas podem facilmente ser produzidos por:
= Co-sputtering (mesmo alvo)
= Multi-Alvos
= Sputtering reativo

» Sputtering reativo pode levar ao envenenamento do alvo (cuidados especiais devem ser tomados)

» Controle do plasma e polarizacdo do substrato = energia dos precursores (deposicdo energética)
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Exercicios

Cap 8: 10,11, 14, 18
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