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Historical overviewHistorical overview
•Sputtering discovered by Grove and Faraday                      (~1850)

•Secondary electron emission discovered                          (~1900)

•Charged particles identified                                    ( ~1890- 1915)

•First theoretical work on stopping                              (~1915)

•Quantum theories on stopping (Bethe)                            (1920 – 1930)

•Desorption models MGR                                           (1960)

•First comprehensive theory on sputtering                        (1969)

•Fast development in studies of ion implantation and sput.  (1970-1990)

•Electronic sputtering (of water ice) discovered                 (1978)
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OutlineOutline

1) Introduction
2) Stopping powers (force) for ions
3) Stopping powers for electrons
4) Sputtering and desorption
5) Knock-on (collisional) sputtering
6) Electronic sputtering
7) Yields for thin films
8) Conclusion
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StoppingStopping forceforce
((stoppingstopping power)power)

Energy loss per length unit

dE/dx = NS(E), where N is density and S(E) stopping cross section.

(dE/dx)total = (dE/dx)e + (dE/dx)n:
electronic + nuclear

Work by Bethe, Bohr and Lindhard

See textbook: Peter Sigmund, ”Particle penetration and radiation effects”
Springer, 2005  
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StoppingStopping forceforce
((StoppingStopping power: light ion)power: light ion)

Low-energy
side:
dE/dx ~ v

High-energy
side:
dE/dx ~ E-1

From H. H. Andersen and J. F. Ziegler, ”Hydrogen Stopping Power
and Ranges in all Elements”, Pergamon, New York (1977) 

M
a
x

Max at 80 keV:
loss 6 eV per monolayer
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Stopping forceStopping force

www. exphys.uni-linz.ac.at/stopping/
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StoppingStopping forceforce
((StoppingStopping power)power)

Sn :nuclear stopping cross section Se electronic stopping cross section

From J. F. Ziegler, ”Handbook of Stopping Cross Section for Energetic Ions
in All Elements”, Pergamon, New York (1980).
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StoppingStopping forceforce
((StoppingStopping power)power)

Sn :nuclear stopping cross section Se electronic stopping cross section

From J. F. Ziegler, ”Handbook of Stopping Cross Section for Energetic Ions
in All Elements”, Pergamon, New York (1980).

Max at 200 MeV Kr
3 keV per ”monolayer”
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ElectronicElectronic stoppingstopping forceforce
((StoppingStopping power) (power) (dEdE//dx)dx)ee

dE/dx = NSe

Bohr’s criterion for a classical treatment:

Quantum treatment :

Bethe treatment for light primary ions, electrons
Bohr treatment for heavy ions 

κ = 2Z1Z2e2vB /(ħv) > 1

κ < 1.
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ElectronicElectronic stoppingstopping forceforce
((StoppingStopping power) (power) (dEdE//dx)dx)ee

dE/dx = NSe

Bohr’s formula for heavy projectiles: Se = (4πZ1
2Z2e2/mv2) ln( 1.123mv3/|Z1e2| ω0)

Bethe’s formula : Se = (4πZ1
2Z2e2/mv2) ln(2mv2/I)

Quantum treatment for light projectiles
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NuclearNuclear stoppingstopping forceforce
((StoppingStopping power) (power) (dEdE//dx)dx)nn

(dE/dx)n = NSn

Can be described by Lindhard’s reduced nuclear stopping force : sn(ε):
Universal function for all beam-target combinations.

Sn(E) = πaL
2γsn(ε)/(ε/E)

γ = 4M1M2/(M1 + M2)2

Lindhard et al. , Mat.  Fys.  Medd. Vid.  Selsk. (1963).
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Energy loss in diff. systems (ions)Energy loss in diff. systems (ions)

Bethe’s formula : Se = (4πZ12Z2e2/mv2) ln(2mv2/I) 
ln I = fcoreIcore + (1-fcore)Ival

J. R.  Sabin and J. Oddershede, Nucl. Instr. Meth. B 27, 280 (1987)
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Energy loss in diff. systems (ions)Energy loss in diff. systems (ions)

Only small deviations of the stopping 
(<10%) for changes 
in solid/vapor phase and
in chemical bonds
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Energy loss: Refinements.Energy loss: Refinements.

1. Relativistic effects    (high velocities)
2. Inner-shell effects   (medium velocities)
3. Charge state effects (low velocities)
4. Molecular and cluster beam (more than one beam-particle)
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Particles without charge Particles without charge 
exchange: antiprotonsexchange: antiprotons

S. P. Møller, A. Csete, T. Ichioka, H. Knudsen, U. I. Uggerhøj and H.H. Andersen,
Phys. Rev. Lett. 93, 042502 (2004)

Obtained at the Antiproton Decelerator (AD) at CERN

The Barkas-Andersen effect  can be measured accurately with antiprotons
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Energy loss in aEnergy loss in a--SiOSiO22 (ions)(ions)

From M. Toulemonde, Ion06 (unpublished).

Energy  [MeV/amu]
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TrackTrack structurestructure
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Energy deposition by ions:Energy deposition by ions:
””electronic energyelectronic energy””

From J. Schou, Phys. Rev. B 22, 2142 (1980)

Units of  ”Kr range”
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ElectronElectron stoppingstopping force dE/dxforce dE/dx
((electronselectrons))

Modified from  J. Schou, Scan. Micr. 2, 607 (1988)
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ElectronElectron trajectoriestrajectories

Strong scattering of electrons
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Deposited energy: electronsDeposited energy: electrons
From S. Valkealahti, J. Schou and R. M. Nieminen, J. Appl. Phys. 65, 2258 (1989) 

Strong scattering of electrons in solids 
for energies below 10 keV 
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ElectronElectron backscatteringbackscattering



Risø National Laboratory, OFD

Summary: particle slowing downSummary: particle slowing down

Electrons:  Strong scattering below 10 keV
Stopping force (dE/dx) well-known above 5-10 keV

CASINO ( www.gel.usherb.ca/casino/index.html)

Ions:          Stopping from both nuclear and electronic stopping
Electronic stopping much larger than nuclear
Quite accurate tabulations exist
Scattering mostly at low energies (< 10 keV)

SRIM (www.srim.org)
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Sputtering: GroveSputtering: Grove’’s experiments experiment

Discharge chamber

Plasma

Cathode

Positive ion
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Sputtering: GroveSputtering: Grove’’s experiments experiment

Discharge chamber

Plasma

Cathode

Positive ion

Layer of cathode material

Sputtered particles !
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Energy loss and particle emissionEnergy loss and particle emission
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SputteringSputtering::
ParticleParticle ejectionejection as a as a resultresult ofof

energeticenergetic particleparticle bombardmentbombardment

, Knock-on (Elastic, collsional) sputtering:

•Thin film production by sputtering deposition
•First wall interactions in fusion devices 
•Materials analysis by SIMS

Surface

Ion Sputtered atoms
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SputteringSputtering::
ParticleParticle ejectionejection as a as a resultresult ofof

energeticenergetic particleparticle bombardmentbombardment

Discovered by Grove in 1853
•Occurs for all solids
•Most features understood
Theory by Sigmund (1969) based on collision cascades.

Yield: Y = ΛFD(E,0)        ( Material constant  × deposited energy)
FD = α (dE/dx)n (sputtering α × nuclear stopping power)
Y ~ Uo

-1 ( U0 : binding energy = sublimation energy)

Energy spectrum: dY/dE1 = k E1/(E1+ U0)3

For large ejection energies E1 :  dY/dE1 ~ E1
-2
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Sputtering of Au by a AuSputtering of Au by a Au1414 clustercluster

t = 40 ps , Y = 4759 Au-atoms/Au14
From T. J. Colla and H. M. Urbassek, Nucl. Instr. Meth. B 164-165, 687 (2000)
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SputteringSputtering -- desorptiondesorption
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SputteringSputtering::
ParticleParticle ejectionejection as a as a resultresult ofof

energeticenergetic particleparticle bombardmentbombardment

Theory by Sigmund (1969) 
based on collision cascades.

Yield: Y = ΛFD(E,0)     
( Material constant  × deposited energy)

FD = α (dE/dx)n
(sputtering α × nuclear stopping power)

Y ~ Uo
-1

( U0 : binding energy = sublimation energy)

Energy spectrum: dY/dE1 = k E1/(E1+ U0)3

For large ejection energies E1 :  dY/dE1 ~ E1
-2

From H.H. Andersen and H. L. Bay, J. Appl. Phys. 46, 1919(1975).
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Sputtering: Energy distribution of Sputtering: Energy distribution of 
ejected particlesejected particles

Theory by Sigmund (1969) 
based on collision cascades.

( U0 : binding energy = sublimation energy)

Energy spectrum: dY/dE1 = k E1/(E1+ U0)3

For large ejection energies E1 :  dY/dE1 ~ E1
-2
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ElasticElastic sputteringsputtering (ions (ions alonealone))
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OutsideOutside thethe linear regimelinear regime
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ElectronicElectronic sputteringsputtering
((MultilayerMultilayer desorptiondesorption))

First important experiment on water ice 1978 by W. Brown et al.

•Occurs only for insulators (ices, alkali halides, refractory mat.) 
•Requires localized energy which can be released non-radiatively
•In volatile solids (ices) low-energy cascades can be generated
•Some features understood

Yield: Y = ½Λ(Es/W)De(E,0)   ( Material constant  × deposited energy)
(Es/W) (released transl. energy/energy per ionization)

Y ~ Uo
-1 ( U0 : binding energy = sublimation energy)

Energy spectrum: dY/dE1 = k E1/(E1+ U0)3

For large ejection energies E1 :  dY/dE1 ~ E1
-2
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ElectronicElectronic sputteringsputtering
((MultilayerMultilayer desorptiondesorption))

Important for ice bodies in planetary and insterstellar space
Ion and electron impact on cryogenic surfaces

Heavy ions on insulators
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ElectronicElectronic sputteringsputtering
refractoryrefractory materialsmaterials

From Y. Qui , J. E. Griffith and T. A. Tombrello, Rad. Eff. 64, 111 (1982)
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Sublimation Sublimation energyenergy ofof icesices

Other values: Water ice 532 meV, metals. 3-6 eV

Y ~ U0
-1 ( U0 : binding energy = sublimation energy)
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ElectronElectron sputteringsputtering: N: N22

(keV primary(keV primary electronselectrons))

From O. Ellegaard, J. Schou, H. Sørensen and P. Børgesen, 
Surf. Sci. 167, 474 (1986)

Not only ions, but also electrons
can produce sputtering



Risø National Laboratory, OFD

Transitions in argon Transitions in argon 
(for (for electronicelectronic sputteringsputtering))

Energy for
ejection or 
cascades
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ElectronicElectronic sputteringsputtering::
Transitions in NTransitions in N22

From : O. Ellegaard et al., 
Surf. Sci. 302, 371 (1994).
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HH++ and and HeHe++ onon solid COsolid CO

From. J. Schou and R. Pedrys, J. Geophys. Res. 106, E12, 33309 (2001).  

Y ~ Se(E):
Electronic sputtering !



Risø National Laboratory, OFD

SpectrumSpectrum from solid COfrom solid CO

From J. Schou and R. Pedrys, J. Geophys. Res. 106, E12, 33309 (2001)



Risø National Laboratory, OFD

WaterWater iceice: : YieldYield
KnockKnock--on and electronic sputteringon and electronic sputtering

From  M. Shi, R. A. Baragiola, D. E. Grosjean, R. E. Johnson, S. Jurac and J. Schou,
J. Geophys. Res. 100, E12, 26387 (1995)
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WaterWater iceice: : YieldYield
KnockKnock--on and electronic sputteringon and electronic sputtering

From  M. Shi, R. A. Baragiola, D. E. Grosjean, R. E. Johnson, S. Jurac and J. Schou,
J. Geophys. Res. 100, E12, 26387 (1995)

Y is 
prop. to

Se(E)2 !
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Electronic sputtering of water ice:Electronic sputtering of water ice:
LymanLyman--αα photonsphotons
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BeamBeam--inducedinduced evaporationevaporation
Ions, Ions, electronselectrons and and photonsphotons

Beam heating most pronounced for volatile solids
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Thin films: Thin films: 
sputtering/desorptionsputtering/desorption
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Electronic sputtering of thin Electronic sputtering of thin 
cryogenic layers cryogenic layers 

S. K. Erents and 
G. M. McCracken, 
J. Appl. Phys. 44, 3139 (1973)
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Protons on solid COProtons on solid CO
NoNo thicknessthickness dependencedependence

From J. Schou and R. Pedrys, 106, E12, 33309 (2001)
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ThicknessThickness dependencedependence ofof NeNe::
((primaryprimary electronselectrons))

From : J. Schou, P. Børgesen, O.Ellegaard, H. Sørensen and C. Claussen,
Phys. Rev. B 34, 93 (1986).
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ElectronicElectronic sputteringsputtering DD22::
(hydrogen (hydrogen and Heand He ions)ions)

From : B. Stenum, O. Ellegaard,
J. Schou and H. Sørensen,
Nucl. Instr. Meth.B 48 530 (1990) 
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Electronic sputteringElectronic sputtering--desorptiondesorption

Occurs only for the most volatile solids
It is clearly induced by electronic transitions – in substrate or in the film
Induced by electron, light ions or light
It is most pronounced for the most volatile ices
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ConclusionConclusion::
SputteringSputtering

*Magnitude of sputtering correlated to stopping force
*Sputtering of elemental targets (conducting) is well understood.
*Condensed gases have efficient energy transfer mechanisms
*Water ice is particularly difficult to understand even after 20 years
’In general, chemical reactions complicate the picture
*Desorption of less than one monolayer seems less efficient
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Thank you for your attentionThank you for your attention
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TheThe MGR modelMGR model
MenzelMenzel--GomerGomer--RedheadRedhead (1964)(1964)

Desorption induced by electronic transitions - DIET

Desorption cross section:
σ= σeP
P: escape probability
σe: primary excitation
cross section

P = exp(- cM1/2)
M is molecular weight
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ElectronicElectronic sputteringsputtering: N: N22 and Oand O22

((primaryprimary hydrogen ions)hydrogen ions)

From : O. Ellegaard et al.,
Surf. Sci.302, 317 (1994)
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Ion Ion bombardmentbombardment ofof hydrogenichydrogenic
solid solid 

From B. Stenum, J. Schou, O. Ellegaard, H. Sørensen and R. Pedrys, 
Phys. Rev. Lett. 67, 2842 (1991). 
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SetupSetup at Risat Risøø

Electron beam: 0.5 – 3 keV
Ion beam 4 – 10 keV (mostly light ions) 

Quartz crystal microbalance
1 Hz ~1.29 1016 amu/cm2. 



Risø National Laboratory, OFD

Light absorption in goldLight absorption in gold
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