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Plasma
•Plasma 

• Gas of positive ions, electrons and (mostly) 
neutral atoms 
• Etymology: Greek: “moulded” - plasma fills the 
chamber
• Charge neutrality ne = ni
• Colliding electrons ionise atoms
• Ions and electrons accelerate in electric field
• Collisions excite atoms 
• De-excitation creates photons – visible light
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DC Plasma glow discharge and arc
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DC Plasma glow discharge and arc

Cosmic rays 
allways present
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DC Plasma glow discharge and arc
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DC Plasma glow discharge and arc

Corona discharge



Jari Koskinen, Aalto University 2016
A!
Aalto-yliopisto
Teknillinen korkeakoulu

15

DC Plasma glow discharge and arc

Glow discharge
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DC Plasma glow discharge and arc

Arc discharge

https://www.oerlikon.com/balzers
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Glow discharge plasma

Sivu 17
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Glow discharge plasma
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For PVD 
Interesting things 
happen
here
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Breakdown voltage
Pasheschen minimum

Sivu 19

P pressure
d distance between electrodes
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DC plasma
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Important plasma parameters

• Oscillations
• Debye length
• mean free path
• ionization crossection
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Hannu Koskinen Univ of Helsinki
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n = density of atoms (and ions)

Total collistion cross section:
σtotal = σexitation + σion + σattachment+ σother

Hannu Koskinen Univ of Helsinki

Bunshah,  Handbook of Deposition Technologies for 
Films and Coatings Noyes



Different types of plasmas
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Thin film plasma processes

Wikipedia



Electron temperature
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Bunshah,  Handbook of Deposition Technologies for 
Films and Coatings Noyes



Electron and ion temperature
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Bunshah,  Handbook of Deposition Technologies for 
Films and Coatings Noyes



Plasma sheath
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Bunshah,  Handbook of Deposition Technologies for 
Films and Coatings Noyes

Sheath thickness ds〜 constant* λD
constant ≈ 5 – 40

Glow discharge ds ≈ 0.15 – 2 mm



Cold cathode discharge
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Bunshah,  Handbook of Deposition Technologies for 
Films and Coatings Noyes



Luminous regions in DC plasma
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ions 
neutralize

secondary 
electrons have 
slowed for max 

ionization

electrons have 
accelerated 

sufficiently for 
ionization

Mahan, Physical Vapor Deposition of Thin Films, Wiley



Practical sputtering plasma -1

• Argon pressure 1 torr
• atom density (n) 3 x 1016 cm-3

• ni=ne 1010 cm-3

• ionization fraction 3 x 10-7 (weakly ionized plasma)
• ion temperature Ti 300K
• electron temperature Te 23,000K
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Practical sputtering plasma -2
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• VDC 1000V
• Vp  8V
• Current density at cathode 2 mA/cm2

• Cathode sheath L 2 mm
• mean free path λ 50 µm  

Mahan, Physical Vapor Deposition of Thin Films, Wiley



Circuit models of DC plasma discharge
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Mahan, Physical Vapor Deposition of Thin Films, Wiley



Ion energy at cathode
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Ar+(hot) + Ar(cold)  è Ar(hot)+Ar+(cold)

σ = 2.5 x 10-15 cm-3

Mahan, Physical Vapor Deposition of Thin Films, Wiley



AC plasma methods
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AC plasma
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Bunshah,  Handbook of Deposition Technologies for 
Films and Coatings Noyes



Forming of self-bias in AC discharge
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Mahan, Physical Vapor Deposition of Thin Films, Wiley



Self bias at electrodes

Sivu 38

n

n= 4 (sometimes 2)



Circuit models of RF plasma discharge
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Mahan, Physical Vapor Deposition of Thin Films, Wiley
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RF Plasma glow discharge

http://www.spectruma.de



Arc plasma
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Arc discharge deposition 

Arc discharge video

http://video.google.com/videoplay?docid=2370453135611399162&ei=zpoKS-nWGqLa2gL1tezUBg&q=glow+plasma+video&hl=fi
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Particles in cathodic arc

Sivu 43

https://www.youtube.com/watch?v=gM86v350HhM&t=60s
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Cathodic arc spot evolution

Sivu 44

Koskinen, J. Cathodic-Arc and Thermal-Evaporation Deposition. In Comprehensive Materials Processing;Cameron, D., Ed.; Vol. 4; Elsevier Ltd., 2014, 
2014; pp 3–55. ISBN: 9780080965321



Jari Koskinen, Aalto University 2021 A!
Aalto-yliopisto
Teknillinen korkeakoulu

Electron wind causes ionization and acceleration of atoms

Sivu 45

Ionization of atoms

Acceleration of ions

+

+

Koskinen, J. Cathodic-Arc and Thermal-Evaporation Deposition. In Comprehensive Materials Processing;Cameron, D., Ed.; Vol. 4; Elsevier Ltd., 2014, 
2014; pp 3–55. ISBN: 9780080965321
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Arc spot evolution
by numeric simulation

Sivu 46
Koskinen, J. Cathodic-Arc and Thermal-Evaporation Deposition. In Comprehensive Materials Processing;Cameron, D., Ed.; Vol. 4; Elsevier Ltd., 2014, 
2014; pp 3–55. ISBN: 9780080965321

Left: 
energetic 
plasma ion 
flux

Right: local  
thermal 
heating 
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Cu atoms, Cu+ ions and electrons near cathode spot by numerical 
simulations
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Koskinen, J. Cathodic-Arc and Thermal-Evaporation Deposition. In Comprehensive Materials Processing;Cameron, D., Ed.; Vol. 4; Elsevier Ltd., 2014, 
2014; pp 3–55. ISBN: 9780080965321
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Cathodic arc spot evolution

Sivu 48

Koskinen, J. Cathodic-Arc and Thermal-Evaporation Deposition. In Comprehensive Materials Processing;Cameron, D., Ed.; Vol. 4; Elsevier Ltd., 2014, 
2014; pp 3–55. ISBN: 9780080965321

New hot cathodis spot



Arc disharge – cathode spot

www.shm-cz.cz/files/schema01.jpg



Arc discharge process 

• arc current concentrated into filaments – arcs
• intense electron emission
•intense ion emission due to electron current ( atoms/electrons – 1/100)
•ionization of atoms – formation of plasma
•flow of ions to cathode – intense sputtering of atoms
• 106 - 108 A/m2

• overlapping thermal spikes
• materials is melted and sublimated in cathode spots
• cathode spots move randomly or could be steered by using magnets
• electons ionize vapor and create more electrons – increase of current
• ions accelerate

• due to potential difference in plasma
• due to multiple collisions with fast electrons

• macro particles (up to 10 µm diam.I are formed  

Timko,  Nordlund 
simulations
http://prb.aps.org/suppleme
ntal/PRB/v81/i18/e184109

http://prb.aps.org/supplemental/PRB/v81/i18/e184109


Filtered arc
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PULSED SPUTTERING



HIPIMS
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“Pulsed Plasma
Diffusion”

HIPIMS

W. Sproul, AEPSE 2009 Tutorial 

http://www.moreinspiration.com/Innovation.aspx?id=4163


HIPIMS

W. Sproul, AEPSE 2009 Tutorial 



HIPIMS

W. Sproul, AEPSE 2009 Tutorial 



Fluxes of ions in HIPIMS

Sivu 57

J. Vac. Sci. Technol. A, Vol. 28, No. 4, Jul/Aug 2010



Reactive sputtering

W. Sproul, AEPSE 2009 Tutorial 



Reactive sputtering

W. Sproul, AEPSE 2009 Tutorial 



Reactive sputtering

W. Sproul, AEPSE 2009 Tutorial 



Reactive sputtering

W. Sproul, AEPSE 2009 Tutorial 



Reactive sputtering

W. Sproul, AEPSE 2009 Tutorial 



Reactive sputtering

W. Sproul, AEPSE 2009 Tutorial 



Ion solid interarctions
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Energetic ion surface interactions



Secondary electrons



Desorption, cleaning



Sputtering



Collision cascade, thermal spike

K. Nordlund



doping, compounds



Sivu 71



Sputtering

• Source of atoms and ions
• Cleaning: Removing lose atoms, impurities, oxides

Sivu 72



Sputtering yield of elements
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Thomas M. Christensen
UCCS 2000



Jari Koskinen, Aalto University 2016
A!
Aalto-yliopisto
Teknillinen korkeakoulu

74

Sputter yield and sublimation energy
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Sputter yield angle dependence
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Sputter yield angle dependence and energy distribution 
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Sputter yield angle dependence and energy distribution 



Preferential sputtering

Sivu 78



Adatom nucleation and surface diffusion 
processes
• Shadowing
• Surface diffusion
• Bulk diffusion
• Desorption

Effecting parameters
• kinetic energy, energy of ions and atoms
• thermal energy
• potential energies
• angle of incidence, topography
• impurities – contamination 
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Coating structure and plasma 
parameters

hot

cold
fast

slow
ions temperature
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Zone 1
• atomic shadowing, low mobility of atoms, continued nucleation
• fibrous grains, pointing at direction of arriving vapor flux, ending with domes shape
• high density of lattice imperfections and pores at grain boundaries
•



Shadow effect

82



83

6.2.2012 Koskinen



Structural hierarchy

84



85

Nodules



GLAD
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Zone 2
• surface diffusion dominates
• uniform columnar grains, grainsize increases with Th
• faceted surface
• mechanically weak
• electrically favorable e.g. in piezo electrical thin films 

Zone T
• transition between zone1 and 2surface diffusion is is “remarkable” 
• grain boundary diffusion is limited
• competitive grain growth of V-shaped crystals
• mechanically favorable



Competition of growing crystals

Sivu 88

Handbook of Deposition Technologies for Films and Coatings - Science, Applications and Technology (3rd Edition)
Edited by: Martin, Peter M. © 2010 William Andrew Publishing



Columnar growth
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15.4.2011 Koskinen

Columnar crystals
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15.4.2011 Koskinen

Columnar crystals
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Zone 3
• bulk diffusion dominates
• recrystallization of large crystals



Effect of ion energy
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Generalize parameters to all PVD 
processes
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Modified Thorton diagram

Sivu 96A. Anders, Thin Solid Films 518 (2010) 4087–4090



Reduced parameters SZD
• T* = Th + Tpot
• Th = Ts/Tm
• Epot = Ec +(Ei-ø)
• Ekin = Eo+QeVsheath
• Tpot = Epot/kNmoved

• t* = thickness

• Ts, substrate temperature
• Tm, melting temperature
• Ec heat of sublimation or cohesive 

energy (1 – 9 eV/atom)
• Ei ionization energy (4 – 10 eV/atom)
• Ekin ion kinetic energy
• Eo plasma potential
• Vsheath sheath potential
• ø electron work function (c. 4 eV)
• Ja, flux of species a 
• ma, mass of incoming atom
• ms, mass of surbstrate
• k, Bolzmann constant
• Nmoved, number of rearranged atoms

Sivu 97



TRIM and SRIM simulations

Sivu 98

http://www.srim.org/SRIM/SRIM%2008.pdf


