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Chemical vs. physical sputtering

ions or energetic neutrals

non reactive

reactive ions

H atoms

Physical sputtering
threshold energy

*energy dependence
(TRIM.SP)

*isotope effect (kinematic
factor)

*no significant T
dependence

« all species (incl. inert gases)

Chemical sputtering
*ions + neutrals
*energy dependence
T dependence

*very low threshold
energy

*isotope effect
ion-to-neutral ratio dep.
* high erosion yield

Chemical erosion

«thermally activated (no
threshold energy)

*no isotope effect

*requires chemically
reactive species

PSIF Workshop, OakRidge © Wolfgang Jacob, March 2005



Experimental set-up W

UHV experiment with 2 radical beam sources and one ion beam source

Ar+1 keV

H, Wien
Filter
N

NZ(CHB)Z

de-
celeration

rf plasma

1 «
substrate substrate

Y W. Jacob, Ch. Hopf, A. von Keudell, M. Meier, and T. Schwarz-Selinger:
: ” Particle-beam Experiment to Study Heterogeneous Surface Reactions
preparation chamber UHV chamber

Relevant to Plasma-assisted Thin Film Growth and Etching”,
Review of Scientific Instruments 74, 5123-5136 (2003).
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LRSI UIE Chemical Sputtering
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Christian Hopf, PhD Thesis

Ch. Hopf, A. von Keudell, and W. Jacob, "Chemical Sputtering of Hydrocarbon Films by
Low-energy Ar* lons and H Atom Impact”, Nuclear Fusion 42, L27 (2002).

Ch. Hopf, A. von Keudell, and W. Jacob, "Chemical Sputtering of Hydrocarbon Films”,
J. Appl. Phys. 94, 2373 (2003).

Erosion of a-C:H layers

comparison of simple physical sputtering
(blue symbols) due to Ar ions

with

erosion due to simultaneous interaction
of H and Ar* (green symbols).

* enhanced erosion above 200 eV for
simultaneous interaction

+ erosion below threshold for physical
sputtering (threshold energy for
physical sputtering = 60 eV

« erosion at 20 eV >> pure chemical
erosion = ‘chemical sputtering’

» separation of chemical and kinematical
effects due to use of Art and H

* neutral / ion ratio =400
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Ar*|H flux dependence
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Fit parameters:
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Y ons = 0.12
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Ar*|H flux dependence

Ar* (200 eV) + H? — a-C:H
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Saturation requires
much more H than ions
| (R >1000)
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Chemical sputtering mechanism W

1. ions break C—C bonds

2. H° passivates broken bonds

Repetition of 1 and 2

>

3. volatile hydrocarbons
diffusion to the surface

desorption

a-C:H film: @ carbon © hydrogen
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Energy dependence

Y(ions | H) ocfybb (%) " P puss (X)X

bond breaking due to ion impact

passivation by atomic H

Y(ions|H)=a °fybb (x)- e Mdx
___—

Bond breaking events
per depth interval
calculated by TRIM.SP

exponential decay,
maximum range about 2 nm,
known from plasma experiments

a is a fit parameter

TRIM.SP simulations for Ar ions
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Energy dependence
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PSIF Workshop, OakRidge © Wolfgang Jacob, March 2005 9



New experimental results: Ne* + H W
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(N6 [H) (Ne) - “ » « Excellent agreement
between model and data
(same parameters as for

Ar,i.e.,a=0.4))
* yield > 1 for E_, >50 eV

-
o

- —— Chemical sputtering model
[ —— TRIM.SPE, =2.8¢eV

[ - T(H)

-2

erosion raté (C atoms cm

eroded carbon atoms per ion

X

100
ion energy (eV)

RN
o

PSIF Workshop, OakRidge © Wolfgang Jacob, March 2005 10



New experimental results: He* + H W

5 10
O F T T T T TTT] T T T T T

— F ® Y(HeH) - - B -

8 - —— Chemical sputtering model (a = 0.4) - ' Good fit of the energy
" I Chemical sputtering model (a = 0.6) 13 N dependence,

& | —— TRIMSPE,=28eV 410 but only fora = 0.6
4% Lo e 6—-b._o ] (instead of 0.4)

S ¢ ~« yield = 1 in whole range
ts s

8 ] 1012 L
3 :
5 0.1

o
2L
> 110"

0.01 L

10 1000

ion energy (eV)

PSIF Workshop, OakRidge © Wolfgang Jacob, March 2005 11



Chemical sputtering by N.,* W

e N, ——TRIM.SP] « TRIM cannot describe the
4 N¢, --- TRIM.SP] results for pure N,*
* yield =1 for E, > 50 eV
1 § i § ® ® * Threshold between 20
] 1 and 50 eV

(TRIM ca. 100 eV)

 almost no energy
dependence in range 50
to 900 eV

sputtering yield (eroded C per ion
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Chemical sputtering: N,* + H W

|
° YNH) ' B .
- —— Model for chemical sputtering (a=0.4) T Good fit of the energy
— — Model for chemical sputtering (a=0.6) R dependence,
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E Y(N,") P 0. (instead of 0.4)
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* highest chem. Spuitt. yield
of all investigates species
(good mass match to C, two
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Chemical sputtering: Summary
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Energy dependence: Modeling results

Fusion relevant species
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Chemical sputtering with reactive ions

H*, D* — graphlte
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New weight-loss measurements of the chemical erosion yields of carbon materials under hydrogen ion bombardment
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total yield = chemical sputtering

+ physical sputtering

Y(E) = [, (x, E)n(x, Eyexp(-x/ A)dv+ Yy (E)

Yonys(E) phys. sputtering yield
Yoo (X:E) ion induced damage
n(x,E) implanted hydrogen
exp(—x/A) depth dependent probability

for outdiffusion of erosion
products

TRIM.SP

E,C=7.4eV
E,c=5.0¢eV

A=0.4 nm
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Summary

particle-beam experiments

® chemical sputtering: increase of yield and lowering of threshold
® mechanistic model for chemical sputtering

® flux dependence (rate equation model): high H fluxes required
® energy dependence: bond breaking x passivation

® data for Ar, Ne, He, and N,

® predictions for other ions, e.g. H, D, and T

® N,* alone results in chemical sputtering of a-C:H layers

®* N,* + H shows very high chemical sputtering yield
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