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Sputter deposition

Basics:
• A voltage is applied across a rarified gas in a vacuum.
• Breakdown of the gas forms a glow discharge plasma.
• Positive ions from the plasma strike the negative electrode (cathode/target). 
• Energy from the ions is transferred to target atoms. 
• A few of these may escape from the target surface (they are sputtered).
• Sputtered atoms undergo collisions in the gas phase
• Some of the sputtered atoms reach the substrate
• The sputtered atoms condense on the substrate forming a film.
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Important processes:
• Ion-solid interactions on the target.
• Plasma generation and discharge maintenance
• Collisions in the gas phase – ionization, scattering.
• Nucleation and film growth on the substrate.
• Use of ion solid interactions to modify film growth

Sputter deposition
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Part 1. Fundamentals of Sputter Deposition

1.5 Transport in the gas phase
• Thermalization
• Deposition rate calculation

1.6 Sputtering systems 
• Magnetron sputtering
• Reactive sputtering

1.7 HIPIMS 
• Source of metal ions
• Time separation between gas and metal ions
• High energy ions
• Lower deposition rates
• Bipolar HIPIMS
• Control of doubly charged ions 

1.1 Elements of kinetic theory of gases 
• Gas laws
• mean free path
• gas impingement rate

1.2 Elements of plasma physics 
• Plasma probes
• Sheath width
• Penning ionization
• Electron energy distribution functions

1.3 Glow discharge maintenance
• Secondary ion-electron emission
• Electron ionization cross-sections

1.4 Sputtering yield
• Linear cascade model
• Correction for threshold effects
• Sputtering efficiency
• Energy of sputtered atoms
• Other energetic particles: backscattered 

ions and negative oxygen ions

Elements of Kinetic Theory of Gases
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For gas phase transport we need some basic formulas 
from the kinetic theory of gases

Modifications of these expressions are used in plasma physics

Gases
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Kinetic theory of gases
provides microscopic picture of gas laws

Assumptions:

• A gas consists of a large number of molecules; 

• separations are large compared to molecule size

• Molecules move randomly with a distribution in    
velocities which remains constant

• Molecules obey Newton laws of motion. 

• Elastic collisions between the molecules and 
between molecules and the walls; no forces 
otherwise. 

Gases
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Pressure of gas molecules

Nn
V

=

xv
v

L

N - number of molecules
V  - volume (= L x A)
p - pressure
T - absolute temperature
m, v - mass and velocity of molecules
k - Boltzmann constant = 1.38 10 -23 [J/K]

p = F/A units [N/m2] or [Pa]

Momentum change in one collision – Δp = 2 m vx

Time between collisions – Δt = 2L/vx

Force by one molecule – Δp/Δt = m vx
2/L

Force by N molecules – N m vx
2/L

Pressure – p = N m vx
2/L A = n m vx

2

2mvx
A

re
a 

A

However, the average kinetic energy in x 
E = ½ mvx

2 = ½ kT

p = n k T
Ideal gas laws:
Boyle: p ~1/V
Charles: V ~ T
Gay-Lussac: p ~ T

Gases
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Velocity and energy distribution of gas molecules

Maxwell-Boltzmann distribution
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Collisions and mean free path

2

travelling distance

number of  collisions
Mean free path

1v t
nn d v t

»
D= =

D sp

Scattering 
cross section 

d

2d 

More accurate expression:
(with relative motion of all gas molecules)

Volume = πd2  v t = v t  σ

v t

n πd2  v t  n σ

1

v t

Gases
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Some useful formulas from kinetic theory of gases
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Deposition flux 
growth rate R [cm/s] 
films density ndep [at/cm3] 

Jdep = Rndep

Note: from the bottom two expressions one can calculate the expected contamination of the 

films due to residual gases from the background pressure and the deposition rate Jg/Jdep

 𝝂 =
𝟖𝒌𝑻

𝝅𝒎
Average velocity

Gases
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tMLJ (cm-2 s-1)λ

25ºC1000ºC25ºC1000ºC25ºC

4 ns1.2 ×10232.4 ×1023400 nm100 nm1 atm (105 Pa)

3.0μs1.6 ×10203.2 ×1020300 μm70 μm1 Torr (133 Pa)

3.0 ms1.6 ×10173.2 ×101730 cm7 cm1 mTorr (0.133)

3.0 s1.6 ×10143.2 ×1014300 m70 m10-6 Torr

84 hours1.6 ×1093.2 ×10930,000 km7,000 km10-11 Torr

λ: mean free path

J: flux of the atoms on sample/walls

tML: time to form a monolayer (ML) at sticking probability of 1

Examples 

diameter of a gas atom ~ 3 x 10 -8 cm; area of a gas atom ~ 10-15 cm2

one monolayer ~ 1015 atoms cm-2

For comparison: Ti growth with 1 µm/h       JTi = 1.6 x 1015 (cm-2 s-1)

Gases

Elements of Plasma Physics
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Sputter deposition plasmas

Ar, Ar*

Arn+

M, M*

Mn+

e-, hν

Cathode/Target

Anode/Substrates

Many plasma particles:

- neutral atoms, gas and target
- electrons
- ions, gas and target
- excited atoms, gas and target
- plasma radiation

Which are most important plasma 
species for film growth?

DCMS HIPIMS

gas ions
(thermal)

target ions
(energetic)

Ei = e(Vplasma - Vbias)
Ei = e(Vplasma - Vbias) + Egas phase

Plasma
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Plasma parameters
• Electron density & temperature : ne, Te

• Ion density & temperature : ni, Ti

• Plasma potential : Vplasma

- Assumptions
• Singly charged ions : ne ≈ ni

• Cold ions : Ti << Te

- For film growth we need to know:

- ion flux Ji and 

- ion energy   Ei ≈ e(Vsubstrate – Vplasma)

Plasma characterization by electrostatic probes
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Plasma
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Why is the dark sheath dark?
Because electron leave the cathode with energy well above 

the maximum of the excitation cross section

Discharge
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Sheath width between the plasma and a negatively 
biased electrode (target or substrate)
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Child-Langmuir formula
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V – bias voltage
j – ion current density
m – ion mass

We use this expression to compare the sheath width with the ion mean free path and evaluate 
the energy of the impinging ions on the electrode (target or substrate)

Plasma

 𝜆 =
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Mean free path
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Plasma parameters
• Electron density & temperature : ne, Te

• Ion density & temperature : ni, Ti

• Plasma potential : Vplasma

- Assumptions

• Singly charged ions : ne ~ ni

• Cold ions : Ti << Te

- For film growth we need ion flux Ji and ion energy

Ei ~ e(Vsubstrate – Vplasma)

- Fluxes (in analogy with the kinetic theory of gases)
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Plasma

Electrode Plasma

~ kTe

Positive
ion sheath

Bohm presheath

i

e
ii m

kT
nJ 6.0

Bohm presheath

Ions at the edge of the sheath
are accelerated to a velocity which 
depends on the electron temperature

~ e
i

i

kT
v

m

Electron temperature!!

Ion flux is a function of the electron temperature Te, not Ti

S D Baalrud and C C Hegna, Kinetic theory of the presheath and the Bohm criterion,  Plasma Sources Sci. Technol. 20 (2011) 025013

Plasma
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Laframboise, J.G. 
University of Toronto, Institute of Aerospace Studies, Report No 100

Available to download – Google it.

Langmuir Probe Characteristics

Iprobe << Idischarge

otherwise probe becomes an anode 
at positive voltages and affects the 
plasma potential

small wire probe

Plasma
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Idealized Probe Characteristics

Iprobe = Ii + Ie

Vprobe >Vplasma
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Iprobe

Vprobe

Vfloat Vplasma

ion 
saturation

region

electron 
retarding

field R

electron 
saturation

region

e

i
sat
i

sat
e

m

m

6.0

4.0

I

I


Electrons much lighter; for Ar+ the ratio is ~ 200 
NB; magnetic field affects the motion of the electrons and this ratio could be smaller

>>1

Plasma
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Small probe – experimental data – the tangent method
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Tangent method – determines the electron temperature 
and the electron saturation current and therefore the electron plasma density
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Determining the Plasma Potential from the Electron Retarding Region

Vfloat : Iprobe = 0
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+: Vpl= Vfl+5.2Te

For Ar+: Vpl= Vfl+5.4Te

Plasma
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Small probe – experimental data
The ion saturation region – how can we use it? difficult

Plasma

Laframboise, J.G.  - numerical calculations:
Ion Saturation (Wire Probe)

plasma
boundary
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Laframboise, J.G.  - numerical calculations:
Ion Saturation (Wire Probe)
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rp = probe radius
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Complicated procedure to 
determine ion fluxes from wire 
probe characteristics

Plasma

characteristic length over which plasma 
screens electric field
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(a) Vacuum chamber with the magnetron 
assembly and the substrate holder

(b) Electrostatic flat probe – embedded in the substrate 
holder at the same plane with minimal spacing ~ ¼ mm

(c) Apply the same potential to the 
probe and the substrate holder

Experimental Set-up for Flat Probe

sat
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Plasma

I. Petrov et al Contrib. Plasma Phys., 30 223 (1990).

Iprobe/Ii
sat = 1

Flat Probe, best to measure the ion saturation current

- Directly measure ion flux;

 : Secondary electron emission coefficient

 correction of the order ~ 10%

- Big probe 

• Electron saturation disturbs the plasma (acts as an anode).
• Tangent method cannot be used.
• Plasma potential and electron temperature can still be estimated
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eJ
I

sat
ion

probe

Vfloat Ie

Te can be determined from the initial
portion of the exponential rise of Ie

Vplasma = Vfloat + const. Te

Plasma
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Sheath

Probe

Effective
Collecting
Interface

expands
constant

Best: a combination of a flat probe for Ji and a small probe for Vs
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PlasmaFor film growth we need to know  
the ion flux Ji and  ion energy   Ei ≈ e(Vsubstrate – Vplasma)

Vplasma

Ei = e(Vplasma - Vbias)

Ji = f(Bext)

I. Petrov, F. Adibi, J.E. Greene, W.D. Sproul, 
and W.-D. Münz, JVST A10, 3283 (1992).

Example: plasma measurement in unbalanced magnetrons
Ion current measured by flat probe, plasma potential by wire probe

substrate      target

29
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JTi remains approximately constant 
as a function of Bext.

Example: plasma measurement in unbalanced magnetrons
Ion current measured by flat probe, plasma potential by wire probe

Ei = e(Vplasma - Vbias)

Ji = f(Bext)

I. Petrov, F. Adibi, J.E. Greene, W.D. Sproul, 
and W.-D. Münz, JVST A10, 3283 (1992).

substrate      target

Unbalancing by external coils

Plasma

Grounded substrate

Floating or (-) bias

Plasma potential and density in unbalanced magnetrons (type II)
depends on whether the substrate is grounded or not

I. Petrov, F. Adibi, J.E. Greene, W.D. Sproul, 
and W.-D. Münz, JVST A10, 3283 (1992).

Plasma

31

32



17

Substrate

floating or
(-) bias

Substrate

grounded

Grounded substrate

Floating or (-) bias

Plasma potential and density in unbalanced magnetrons (type II)
depends on whether the substrate is grounded or not

I. Petrov, F. Adibi, J.E. Greene, W.D. Sproul, 
and W.-D. Münz, JVST A10, 3283 (1992).

NB significant heating by electrons – measure substrate temperature rise

Plasma

The substrate is the anode;
collects all electrons

The substrate is NOT an anode;
Collects no/few electrons

Penning-type configuration

34

Maxwell electron energy distribution functions
Elastic collision between electrons dominate

Te [eV]

More on the Electron Energy Distribution Functions
Plasma

Te [eV]

33
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Druyvesteyn EEDF
Elastic collision between electrons and 

cold atoms included

More on the Electron Energy Distribution Functions

A. Grill, Cold Plasma Materials Fabrication: From Fundamentals to Applications. Wiley, 1994.

Maxwell EEDF
Elastic collision between electrons dominate

Plasma

36 https://www.comsol.com/

Boltzmann EEDF includes inelastic collisions

Computational example from:

More on the Electron Energy Distribution Functions Plasma
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A. Schwabedissen et al  Physical review E, 55 (1997) 3450 

Measured Electron Energy Distribution Functions

• The linear portion corresponds to 
Maxwell-like energy distribution

• Electron temperature Te is the slope of 
the linear portion of the curve

• Te decreases as the ionization 
potential of the inert gas decreases

• In the area of inelastic collisions the 
high-energy tail is underpopulated

• extrapolation of the EEDF from the 
elastic energy range into the inelastic 
energy range may cause a significant 
error in the calculation of excitation 
and ionization rates

• Metal dominated plasmas in HIPIMS 
lack high energy electron needed to 
ionize the inert gas.
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More on the Electron Energy Distribution Functions Plasma
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A. Schwabedissen et al  Physical review E, 55 (1997) 3450 

Measured Electron Energy Distribution Functions

• The linear portion corresponds to Maxwell-
like energy distribution

• Electron temperature Te is the slope of the 
linear portion of the curve

• Te decreases as the ionization potential of 
the inert gas decreases

• In the area of inelastic collisions the high-
energy tail is underpopulated

• extrapolation of the EEDF from the elastic 
energy range into the inelastic energy range 
may cause a significant error in the 
calculation of excitation and ionization rates

• Metal dominated plasmas in HIPIMS 
lack high energy electron needed to 
ionize the inert gas.
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More on the Electron Energy Distribution Functions Plasma

Electron impact ionization

Ionization potentials

 1st ionization potential

o 2nd ionization potential

37
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P Poolcharuansin and J W Bradley
Plasma Sources Sci. Technol. 19 (2010) 025010

Cooling of the electrons in metal-rich phase of HIPIMS discharges

Alena Vetushka and Arutiun P Ehiasarian
J. Phys. D: Appl. Phys. 41 (2008) 015204

100µs, 100 Hz,

Plasma
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Ar
Sheath 
width

Current 
density

Voltage
Sputtering 

system

0.7 mm12 mm1 mA cm-23000 VtargetDiode
pAr = 70 
mTorr 0.7 mm

3 mm0.1 mA cm-2100 Vsubstrate

16 mm0.5 mm50 mA cm-2500 Vtargetmagnetron
pAr = 3 
mTorr

16 mm0.9 mm1 mA cm-2100 Vsubstrate

Plasmas: practical example

19 24 10Ar
CE m      

For magnetron sputtering Ar > sheath width -> Ei ≈ e(Velectrode – Vplasma)

Cross-section for 
charge exchange 
collisions for Ar

Plasma
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Ion surface interactions

Positive ions are returned 
by the electric field

Inelastic Effects

Ion beam with an energy 
Ei

+I

Implanted Particles
I0

UV/visible photons

X-rays

Secondary
Electrons

Accelerated
by  the field

Sputtered Particles
T0, T*, Tn

Reflected Particles
I0,I*

Elastic Effects

T+, I+

Target

T-, I-

Accelerated
by  the field

Negative Ions

Figure after G.M. McCracken, Rep. Prog Phys. 28, 241 (1975).

Cold Cathode Discharge

42

Glow Discharge Voltage

On the average, a secondary electron 
emitted from the cathode must acquire 
energy sufficient to produce a number 
of ions to release one further electron 
from the cathode.

Eo – the average energy to produce an ion (for Ar ~ 30 eV)
I – the secondary ion-electron yield (for Ar ~ 0.1)
I – ion collection efficiency (fraction of created ions that strike the target)
e – fraction of the secondary electrons participating in ionization
i e – characterizes the effectiveness of the ionization system; for magnetrons ~ 1

John A. Thornton and Alan S. Penfold, in Thin Film Processes, Ed. by John L. 
Vossen and Werner Kern (Academic Press, New York, 1978) p. 86.

VT

Eo

i = 1

Discharge

VT

Eo
i i e

=
1

41
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Figure after John A. Thornton and Alan S. Penfold, in Thin Film Processes, Ed. by 
John L. Vossen and Werner Kern (Academic Press, New York, 1978) p. 84.

Electron impact ionization

Glow Discharge Maintenance

Ionization potentials
Ne - 21.56 eV
Ar - 15.76  eV
Kr – 14.00 eV
Xe - 12.13 eV

VT

Eo
i i e

=
1

Discharge

44

Secondary ion-electron yield γi

< 1 kV, electrons emitted from the 
conduction band of the target due 
to the potential energy of the ion

+

Ta
rg

e
t

Ionization potentials
Ne - 21.56 eV
Ar - 15.76  eV
Kr – 14.00 eV
Xe - 12.13 eV

Discharge

VT

Eo
i i e

=
1

43
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γ = 0.032(0.78Ei - 2Φ)

γ – secondary ion-electron emission coefficient
Ei – ionization potential of the ion
Φ – workfunction of the material

Note: potential electron emission possible for Ei > 2.56 Φ

+

Ta
rg

e
t

Φ

Ei

VT i i e
=

Eo

Note on reactive sputtering

Note: potential electron emission possible for Ei > 2.56 Φ

Mercury

Ebong et al
DOI: 10.1109/HONET.2012.6421444

For most metal ions Ei < 2.56 Φ
Sputtering discharges in pure metal plasmas (with singly charged ions) generally not possible
Reported for Cu under special conditions

Inter gas recycling in HiPIMS during the metal ion dominated phase

45
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Example of DC magnetron discharge characteristics
The interplay between ionization cross section and the secondary ion-electron emission coefficient

800

700

600

500

400

300

200

Ar

Xe
Kr

Ne

V
 (

V
)

 T

0.1 1 10
p (Pa)

0 0.5 1 1.5

800

600

400

200

Ar

Xe
Kr

Ne

I  (A) T

V
 (

V
)

 T

p = 1 Pa (7.5 mTorr)
IT = 0.3 A

Example: 50 mm Vanadium target, planar magnetron

VT i i e
=

J. Vac. Sci. Technol, 11 2733 (1993)

Discharge

Eo

Argon is the best

Sputtering Yield

48
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Ion surface interactions

Positive ions are returned 
by the electric field

Inelastic Effects

Ion beam with an energy 
Ei

+I

Implanted Particles
I0

UV/visible photons

X-rays

Secondary
Electrons

Accelerated
by  the field

Sputtered Particles
T0, T*, Tn

Reflected Particles
I0,I*

Elastic Effects

T+, I+

Target

T-, I-

Accelerated
by  the field

Negative Ions

Figure after G.M. McCracken, Rep. Prog Phys. 28, 241 (1975).

Sputtering

50

Collision Cascade

P.Sigmund, “Sputtering by ion bombardment: theoretical concepts”, in Sputtering by particle bombardment I, edited by R. Behrish, Springer-Verlag, 1981

• Ions striking a surface interact with a number of atoms in a series collisions.
• recoiled target atoms in turn collide with atom at rest generating a collision cascade.
• The initial ion energy and momentum are distributed to among the target recoil atoms.  
• When Ei > 1 keV, the cascade is “linear”, i.e. approximated by a series of binary collisions 
in a stationary matrix.

Threshold regime
recoils sputtered, but
no (limited) cascades

Energy increasing (dependent on Mi/Mt)

Linear cascade
a series of binary collisions

Spike regime
high density  of recoils

Sputtering

49

50
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Stopping cross section

P.Sigmund, “Sputtering by ion bombardment: theoretical concepts”, in Sputtering by particle bombardment I, edited by R. Behrish, Springer-Verlag, 1981

 ( )( )) (en S E
dE

N N SS E E
dx

    

0

'
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Sn(E)
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Sputtering

Sn(E) - nuclear stopping
Se(E) - electronic stopping

52

Stopping cross section

P.Sigmund, “Sputtering by ion bombardment: theoretical concepts”, in Sputtering by particle bombardment I, edited by R. Behrish, Springer-Verlag, 1981

 ( )( )) (en S E
dE

N N SS E E
dx
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E dE
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Sn(E)

Se(E)

RBS,ERDA,NRA (MeV)
electronic stopping dominates

Ion Implantation (tens keV)
mixed

Sputter Deposition (keV)
nuclear stopping dominates

Sputtering
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SRIM/TRIM simulation

James F. Ziegler, IBM : http://www.srim.org/

1 keV Ar -> Be

Monte-Carlo simulation of ion 
implantation, reflection, recoil 
cascades, and sputtering 

1 keV Ar -> Ti

1 keV Ar -> W

2 impacts

200 impacts

ion trajectories in red
recoils in green

Sputtering

54

Sputtering Yield (Y)

• Sputtering begins at an 
energy threshold and 
increases rapidly

• Then nearly linearly
• As the energy increases the 

curve levels off.

Data from R.Y. Stuart and G.K. Wehner, J. Appl. Phys. 33, 2351 (1962); G.K. Wehner, Phys Rev, 112, 1120, 1958 
D. Rosenberg and G.K. Wehner, J. Appl. Phys. 33, 1842 (1962);  

Sputtering

Slope of linear portion vs atomic number

Hg+
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TUNGSTEN

Gottfried Karl Wehner
23 September 1910 (Dresden)

13 June 1996 (Munich)

Sputtering
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Sputtering

To this day:
the most comprehensive set of 
low-energy sputtering yields data
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Sputtering

To this day:
the most comprehensive set of 
low-energy sputtering yields data

58

Peter Sigmund
University of Southern Denmark

PhD. 1962, TU Aachen, under Prof. Guenter Leibfried
1967-9 Visiting scientist, Argonne National Lab

1965-7 Scientist, Research Center Jülich

 - dimensionless coefficient
 – sublimation energy
Sn(E), nuclear stopping cross-section
E – incident ion energy

0.04
( )Y E

U
 t i nα( /M )SM (E)

Note: the sputtering yield is proportional to the 
nuclear stopping at the point of entry

57

58



30

59

Sigmund’s linear cascade formula for Y(E)

0.04
( )Y E

U
 t i nα( /M )SM (E)

85 i t i
n n2 2 0.53 3 t ii t

Z Z M
S (E) = s (ε)
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3.441 ln( 2.718)
( )

1 6.355 (6.882 1.708)
ns

 
  




  

 - dimensionless coefficient
Sn(E), collisional energy at the surface 
(nuclear energy loss function)
U – sublimation energy

sn(ε) – function of the reduced energy which is the 
same for all ion-target combination
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Sputtering
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ԑ – reduced energy
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0.1 < E < 1kV, Sigmund derives a 
remarkably simple formula
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HH Anderson and HL Bay, “Sputtering yield measurements”, in Sputtering by particle bombardment I, edited by R. Behrish, Springer-Verlag, 1981

Sputtering
Sigmund formula: good agreement in the 10s keV, poor in the < 1 keV
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Formulas introducing Sputtering Threshold Energy, ETH
Sputtering

Petrov, V. Orlinov, S. Grudeva, Comparison of the Low-Energy Sputtering Yield Formulas, 
Bulg. J. Phys., 19 102 (1991).

Y(E) = YSigmund(E).f(E),

f(E) = 0, E = ETH

f(E) = 1, E >> ETH

Each formula comes with its choice of ETH

62

20.5
0.04

( ) ( / ) ( ) 1

1 ( )

TH
t i n

T

e

E
Y E M M QS E

U E

q
Q

s





        




Y. Yamamura et al, Rad.Eff.,11 65 (1983)
I. Petrov et al, Bulg.J.Phys., 18 203(1991)

The best formula for low energy sputtering yield: 
Y. Yamamura et al formula

Sputtering begins at an energy threshold that depends
on the efficiency of momentum transfer to the target.
This depends on the mass match. It also depends on
the surface binding energy of atoms in the target.

Petrov et al:
Y. Yamamura’s correction for f(E), ETH is best for
Sputter-deposition combinations ion/target
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Sputtering
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“Simple” Y(E)  formula 
for E < 1 keV , Mi > 15 amu

Eqn. A

Petrov, unpublished

Sputtering

Note: Works for pure metal targets, including self-sputtering Yselfsp(E) = (0.9/U)Z2/3M E1/2(1-(8.5U/E)1/2)2

64

Energy efficiency of sputtering

10 100 1000

10
0

10-1

10-2

10
1

Kr

He
Xe

Ar

Ne

Cu targetPower of the ion beam - Pion flux = J*E

Power used for sputtering - Psp=U*J*Y(E)

Sputtering efficiency  = Psp/ Pion flux 

 = U*Y(E)/E

Yamamura formula:
max at E=7*Eth

For   TH TH max3E E 10E ,η 0.8η

0.1 1 10
1

10

 

  

THE

U

Energy (eV)

Y
(E

)/
E

target ionM /M

Typical example:

U = 4 eV, ETH = 30 eV, max at E=210 eV
0.8 max E = 90 – 300 eV

Sputtering

I. Petrov et al, Bulg.J.Phys., 18 2013(1991)

Magnetrons work at or slightly 
above the optimum energy
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 Ar
max

Target atomic number ZT

Target atomic number ZT




Ne,Kr,Xe
max

Ar
max

I. Petrov et al, Bulg.J.Phys., 18 2013(1991)

10-3

10-2

10-1

0 20 40 60 80 100

Energy efficiency of sputtering

The maximum sputtering efficiency 
between 0.5 and 5 %

Ar provides high sputtering  efficiency for 
a large number of metal targets (from Al 
to La)

Ne has ~ 20% advantage for Be and C

Kr ~ 40-60% advantage for targets 
heavier than Ta

Sputtering

66

Energy of Sputtered Particles

Sputtered atom energy has a maximum at ~ 
U/2 (several eV) and tail extending to tens 
and hundreds of eV, depending on the ion 
energy.

Energy (Sigmund-Thompson) distribution: 

Has a maximum ~ U/2

1
2

3 3
( ) 1

( ) ( )ion

E E U E
F E

E U E E U

          

Sputtering

Comparison with thermal evaporation energies
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Energetic particles in sputterdepostion
Thermalization

67

68

Sputtering Yield:  Other Species

Distribution of types of sputtered species:
[Example for Ar sputtering of Cu]

Single atoms sputtered 100

Diatoms 1

Resputtered trapped gas 5

Single ions 0.1

Diatomic ions 0.001

Reflected incident species 3

Secondary electrons 10

+

+

Prof. Angus Rocket

Sputtering
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Source of energetic particles bombardment

Reflection of Primary Ions
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Incident ions may be reflected from the  target surface.
Reflection coefficient = #reflected ions/#incident ions

Case study: TRIM simulation of 500 eV Ar ion scattering

Both reflection coefficient and the average energy of the reflected ions increase
when the target atom is heavier than the ion

Energetic bombardment

Petrov, unpublished
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Reflection of Primary Ions, cont.
Incident ions may be reflected from the  target surface.
Reflection coefficient = #reflected ion/#incident ion

Both reflection coefficient and the average energy of the reflected ions for a given 
target decrease when heavier ions are used.

Case study: TRIM simulation of 500 eV , Xe, Ar, and N ion scattering
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Energetic bombardment

Petrov, unpublished
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Reflection of Primary Ions, cont.
Case study: TRIM simulation of 500 eV , Xe, Ar, and N ion scattering

A significant fraction of the incident ion energy (> 10%) is reflected 
back when ions are much lighter than the target atoms
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Energetic bombardment

Petrov, unpublished

72

The role of negative ions during sputter-deposition of oxides

Energetic bombardment

Note: Oxygen has an electron affinity of 1.461 eV

Another source of energetic particle bombardment

71
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The role of negative ions during sputter-deposition of oxides

Energetic bombardment

Another source of energetic particle bombardment

74

The role of negative ions during sputter-deposition of oxides

I Petrov, V.Orlinov, A. Misiuk, Thin Solid Films, 120 (1984) 55

Placing the substrates to the side of the 
target and increasing the deposition 
pressure eliminate the adverse effect of 
energetic oxygen bombardment

Energetic bombardment
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Transport of sputtered species in the gas phase

I. Petrov, I. Ivanov, V. Orlinov, and J.E. Sundgren, J. Vac. Sci. Technol, 11 2733 (1993)

76

Transport in the gas phase

800

700
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V
)

 T

0.1 1 10
p (Pa)

Vanadium target, 50 mm dia
Dtarget-substrate = 10 cm

Calculated curves follow pressure dependence for all gases, only after accounting for diffusion

IT = 0.3 A

Measured and calculated deposition fluxes

J. Vac. Sci. Technol, 11 2733 (1993)

Collisionless/
ballistic 
transport

Thermalization 
and diffusion 
transport
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I. Petrov, I. Ivanov, V. Orlinov, and J.E. Sundgren, J. Vac. Sci. Technol, 11 2733 (1993)

Thermalization of 
sputtered species 

In typical pressure range for 
magnetron sputter deposition, both 
collisionless and diffusive transport 
are effective

experiment

calculation

flux fractions in the 
calculation

Transport the gas phase

Note: to get the relatively good 
agreement at low  pressures several 
adjustments to the mean free path had 
to be made
To get agreement at high pressures 
diffusive transport had to be taken into 
account

78

http://emaps.mrl.uiuc.edu/casandra/ N!B! the site no longer works

Transport the gas phase
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Classic paper

Thermalization distance
Mean free path

Number of collisions to thermalize the atom

ρ – pressure [Pa], σs, σg diameters [cm], 
Author did not specify the temperature; it is 273 K

Transport the gas phase

modified

Ar/C

Ar/Au

80

Transport the gas phase
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Thermal cross section

Robinson cross section

Back scattered gas atoms

Thermal cross section

Robinson cross section

Sputtered atoms

Transport the gas phase

Thermal cross-sections severely underestimate thermalization distances

82
Faster atoms have smaller scattering cross-sections -> larger mean free path

Transport the gas phase

For metal atom Somekh
extrapolated between 
Robinson data for inert 
gases

81
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I. Petrov, I. Ivanov, V. Orlinov, and J.E. Sundgren, J. Vac. Sci. Technol, 11 2733 (1993)

Thermalization of sputtered species 

In typical pressure range for 
magnetron sputter deposition,
both collisionless and diffusive 
transport are effective

We can use pressure to tune the 
average energy of the sputtered 
species and to control the energy 
of the reflected ions

experiment

calculation

flux fractions in the 
calculation

Transport the gas phase

Good agreement obtained using both
Westwood and Somekh approaches
x10 over thermal cross-section

Diederik Depla
Ghent University, Belgium

https://www.ugent.be/we/solidstatesciences/draft/en/services/software#SiMTRA
watch the YouTube video

Thin Solid Films 520, 6337–6354 (2012)
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Short course: Reactive magnetron sputtering draft.ugent.be

Calculate free path length

High energy 

Near thermal energy

Thermal 

Initialization
Generate particles
-planar : radial erosion profile
-cylindrical : simulated ion current density

Boundary
Implements geometry

Does particles’ trajectory 
intersects surface 
before collision ?

NOYES

Key features:
• Accounts for the specific 

geometry of the target, substrate 
and chamber

• Uses energy dependent 
scattering cross section

• Gives energy and angular 
distribution of the deposited 
atoms on the substrate

• Free to use

Diederik Depla
Ghent University, Belgium

Short course: Reactive magnetron sputtering draft.ugent.be 86

Describe collision :
Calculate scattering angle

Calculate new velocity

Go back to free path calculation

Deposition

Generate new particle

Boundary
Implements geometry

Does particles’ trajectory 
intersects surface 
before collision ?

NOYES

Diederik Depla
Ghent University, Belgium
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unpublished

Exp. Data from: I. Petrov, I. Ivanov, V. Orlinov, and J.E. Sundgren, J. Vac. Sci. Technol, 11 2733 (1993)
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Variations of sputtering systems
Magnetron sputtering

Unbalanced magnetrons
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Diode sputter deposition system
Components and typical parameters

VT ~ 2-5 kV 
JT ~ 1 mA/cm2

p ~ 50-80 mTorr
 << dTS

90

VT ~ 1 kV 
JT ~ 5 mA/cm2

p ~ 10-20 mTorr
 ~ dTS

Triode sputter deposition system
Components and typical parameters

Thermionic arc; Varc ~ 10-30 V, Iarc ~ several Amps
Independent control of ion flux and energy
The presence of a hot filament hampers reactive deposition

89
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Magnetron sputter deposition system
Components and typical parameters

VT ~ 0.3-0.5 kV 
JT ~ 10-100 mA/cm2

PT ~ 3-50 W/cm2

p ~ 2-20 mTorr
 > dTS,,,  < dTS

ExB field near target enhances ionization efficiency, 
thus reducing both VT and p

92

Magnetron discharge characteristics

0 G

Thornton, cylindrical magnetrons

J.A. Thornton and A.S. Penfold, “Cylindrical Magnetron Sputtering,” in Thin Film Processes, edited by J.L. Vossen and W. Kern, Academic Press, NY 1978.

Conventional DC sputtering: kV, tens mTorr

MATSE, 
University of Illinois

91
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ExB configurations

J.A. Thornton and A.S. Penfold, “Cylindrical Magnetron Sputtering,” in Thin Film Processes, edited by J.L. Vossen and W. Kern, Academic Press, NY 1978.
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Reactive sputtering

I. Petrov, A. Myers, 
J.E. Greene, and J.R. 
Abelson, JVST A 12, 
2846 (1994)
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=
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0.04
( )Y E
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 t i nα( /M )SM (E)

Target surface reaction, transition from
Ar sputtering pure metal to nitride

Transition from discharge in Ar
to a discharge in N2

Sputtering of Ti 
target in Ar+N2
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Relative change of the effective secondary
ion-electron emission coefficient upon target reaction “poisoning”

Nitridation Oxidation

Reactive sputtering

96

Ion distribution at the substrate
DC magnetron sputtering
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I. Petrov, A. Myers, J.E. Greene, and J.R. Abelson, JVST A 12, 2846 (1994)

Ti

Thompson

Ar+

Ti+

Vbias

Gas ions dominate:
Ar+ in most of the range, N2

+ in pure Nitrogen

Gas ions energy corresponds to the applied bias
TI+ extend to higher energies due to being sputter ejected
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Reactive sputtering, the big names

98

Main new  features:
• Source of metal ions
• Time separation between the gas and the metal ions
• Higher energy ions
• Lower deposition rates

Magnetron sputter deposition
High Power Pulse Magnetron Sputtering (HPPMS)

High Power Impulse MS (HiPIMS)
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Magnetron sputter deposition system
High Power Pulse MS (HPPMS)

High Power Impulse MS (HIPIMS)

Frequency ~ 50-500 Hz
Duty cycle < 10%
peak values
VT ~ 0.7-2 kV 
JT ~ 100-1000 mA/cm2

PT ~ 70-2000 W/cm2

p ~ 2-20 mTorr
 > dTS,    < dTS

Main new  features:
• Source of metal ions
• Time separation between the gas and the metal ions
• Higher energy ions
• Lower deposition rates

100

DCMS vs       HiPIMS

VT ~ 0.3-0.5 kV 
PT ~ 10-50 W/cm2

p ~ 2-20 mTorr

peak values
VT ~ 0.7-2 kV 
PT ~ 500-3000 W/cm2

p ~ 2-20 mTorr
Frequency ~ 100-500 Hz
Duty cycle < 1-4 %

1. Thermal  gas ions
2. Neutral deposited atoms
3. High deposition rate 

1. Energetic metal ions
2. Gas and metal ions separated in time
3. Lower deposition rates

Same average power
Same hardware

Hybrid HiPIMS/DCMS
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Andre Anders, Tutorial: Reactive high power impulse magnetron sputtering (R-HiPIMS) JAP 121, 171101 (2017)
https://doi.org/10.1063/1.4978350 

Gudmundsson, Brenning, Lundin, Helmersson,
J. Vac. Sci. Technol. A 30 (2012) 030801

High Power Impulse Magnetron Sputtering 

Source of metal ions

Both May 1999
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High Power Impulse Magnetron Sputtering 

Source of metal ions

Both May 1999

petrov@illinois.edu

Average discharge power P

PHIPIMS ≈ PDCMS

PHCIMD >> PDCMS

Molten and hot trgets
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To properly exploit the advantages of HiPIMS it is necessary to know the energy and time 
evolution of the gas and metal ions

106
Andre Anders, Tutorial: Reactive high power impulse magnetron sputtering (R-HiPIMS) JAP 121, 171101 (2017)
https://doi.org/10.1063/1.4978350 

Gudmundsson, Brenning, Lundin, Helmersson,
J. Vac. Sci. Technol. A 30 (2012) 030801

HCIMD
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Modulated Pulse Power Magnetron Sputtering MPPMS

Roman Chistyakov and Bassam Abraham, Zpulser, LLC Lin et al, Surface and Coatings Technology (2009) 203 3676

Deep Oscillation Magnetron Sputtering  DOMS

Roman Chistyakov and Bassam Abraham, Zpulser, LLC

Lin et al, Surface and Coatings Technology (2015) 276, pp. 70-76

“The DOMS technique offers virtually arc-free conditions for reactive 
sputtering of many insulating films e.g. AlN, Al2O3, Si3N4, SiO2 etc.”

Scopus: 
A few dozen of publications 
on MPP and DOMS

Typical parameters:
Substrate current
Current
Voltage
Macropulses - ~0.5-1.5 ms, 100s Hz
Micropulses ~20-30 kHz
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The existence of time separation between the Ar and metal-ion
dominated fluxes at the substrate opens the possibility for
selection one of the components for ion-assisted by using a
pulsed bias voltage with suitable synchronization

Transition from gas to metal vapor discharge/gas rarefaction;
Time separation between the gas and the metal ions

Ar gas rarefaction > 80%
Metal plasma density > 1012 cm-3

1 2 3 543

Phases of the HIPIMS discharge

1. Ignition/discharge breakdown

2. Current rise

3. Gas depletion/rarefaction

4. Metal mode*

5. Afterglow

P Poolcharuansin and J W Bradley
Plasma Sources Sci. Technol. 19 (2010) 025010
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112

Lower deposition rates in HiPIMS due to back attraction of positive 
ions of the sputtered materials back to the target

M. Samuelsson, D. Lundin, J. Jensen, M. A. Raadu, J. T. Gudmundsson,
and U. Helmersson, Surf. Coat. Technol. 202, 591 (2010).

Note: This is just typical example

The reduction of deposition rate may 
vary significantly for a given material 
depending on the experimental set-up 
and the HiPIMS characteristics, as 
discussed later

Same total power
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DJ Christie, JVST A 23,330, 2005
J Vlcek K Burkalova
Plasma Sources Sci Techn 19, 065010, 2010

A Anders, J Capek, M Hala and L Martinu
J Phys D 45, 012003 (2012)

Gas sputtering and recycling, metal self-sputtering

114

Inert gas sputtering and self-sputtering yield important
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Time evolution and the energy distribution of the gas and metal ion fluxes in HiPIMS
by in-situ ion mass spectrometry measurements

• Time separation between the gas and the metal ions (gas rarefaction)
important for HiPIMS with metal ions synchronized bias and bipolar HiPIMS

• Control of doubly charged ions in HIPIMS
important for metastable films synthesis (examples tomorrow)

• High energy metal ions in HIPIMS

116

Time separation between the gas and the metal ions
Depends on the peak current, on the material (next slide), and on the pulse length

Time of flight (average ion velocity) depends on 
the peak current and ion mass

JVST A, 35, 060601 (2017)

The HiPIMS pulse length is 120 µs at a frequency of 300 Hz.

Prof. Greg Greczynski
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117

Time separation between the gas and the metal ions
Depends on the peak current, on the material, on the pulse length (next slide)

The ratio of the gas to metal ion fluxes depends 
primarily on ion type (mainly mass ratio and the 
self-sputtering yield)

JVST A, 35, 060601 (2017)

118

Time separation between the gas and the metal ions
Depends on the peak current, on the material, on the pulse length (next slide)

• The ions of  lighter elements, Ti and Cr 
lose energy due to back filling with Ar

• The ions of the heavy elements Hf and 
W preserve the high energy tails  more 
pronounced rarefaction and more 
difficult to thermalize

JVST A, 35, 060601 (2017)

The heavy metals promote gas 
rarefaction and high metal to 
gas ion ratio – an advantage in 
metal ion assisted film growth
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119

Time separation between the gas and the metal ions
Depends on the peak current, on the material, on the pulse length )

120

Reactive sputtering: Ion mass spectrometry at substrate position 
to determine the metal ion dominated phase

Grzegorz Greczynski, Igor Zhirkov, Ivan Petrov, J. E. Greene, and Johanna Rosen, JVST A 36, 020602 (2018);

p =3 mTorr; N2/Ar flow ratio of 0.11
Peak Current 1 A/cm2
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121

Metal ion synchronized bias

Grzegorz Greczynski, Igor Zhirkov, Ivan Petrov, J. E. Greene, and Johanna Rosen, JVST A 36, 020602 (2018);

p =3 mTorr; N2/Ar flow ratio of 0.11
Peak Current 1 A/cm2

Reactive sputtering: Ion mass spectrometry at substrate position 
to determine the metal ion dominated phase

Ar first ionization potential 15.76 eV

Changes in the Me2+ component
Important for metastable materials synthesis

121
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Model system: Ti sputtered in Ne, Ar, Kr, and Xe
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G. Greczynski, I. Petrov, J.E. Greene, and L. Hultman, Vacuum 116 (2015) 36

Control of doubly charged ions in HIPIMS

Ionization potentials
Ne - 21.56 eV
Ar - 15.76  eV
Kr – 14.00 eV
Xe - 12.13 eV

G. Greczynski, I. Petrov, J.E. Greene, and L. Hultman, Vacuum 116 (2015) 36
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Extension to other materials

G. Greczynski, I. Petrov, J.E. Greene, and L. Hultman, Vacuum 116 (2015) 36

empty circles - second ionization potentials, IP2
Me

full squares  - first ionization potentials, IP1
Me

An example of the importance of the choice of inert sputtering gas

Low temperature epitaxial growth of HfN/MgO(100) via HiPIMS-synchronized pulsed 
substrate bias 

M.M.S. Villamayor,T. Shimizu, J. Keraudy, R.P.B. Viloan, R. Boyd, D. Lundin, J.E. Greene, Ivan Petrov, Ulf 
Helmersson J. Vac. Sci. Technol. A, Vol. 36 (2018) 06151

HfN the highest melting point 
TM nitride: TM ~ 3520 K

TS < 70 oC; TS/TM < 0.1

IPAr = 15.8 eV
IPN = 14.5 eV
IPN2 =15.6 eV
IPKr = 14.0 eV

Vs = -100 V 
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An example of the importance of the choice of inert sputtering gas

Low temperature epitaxial growth of HfN/MgO(100) via HiPIMS-synchronized pulsed 
substrate bias 

M.M.S. Villamayor,T. Shimizu, J. Keraudy, R.P.B. Viloan, R. Boyd, D. Lundin, J.E. Greene, Ivan Petrov, Ulf 
Helmersson J. Vac. Sci. Technol. A, Vol. 36 (2018) 06151

HfN the highest melting point 
TM nitride: TM ~ 3520 K

TS < 70 oC; TS/TM < 0.1

IPAr = 15.8 eV
IPN = 14.5 eV
IPN2 =15.6 eV
IPKr = 14.0 eV

Vs = -100 V 

J. Bohlmark, M. Lattemann, J.T. Gudmundsson, A.P. Ehiasarian, 
Y. Aranda Gonzalvo, N. Brenning, U. Helmersson

The ion energy distributions and ion flux composition from a high-power impulse 
magnetron sputtering discharge 

Thin Solid Films 515 (2006) 1522–1526

HiPIMS: source of energetic metal ions
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129G. Greczynski, L. Hultman, Vacuum 84 (2010) 1159

Ion Energy Distribution Functions

high-energy tails due to
- gas rarefaction
- potential humps of associated            
with traveling ionization zones – next slide

Higher-energy metal ions

130

Higher-energy metal ions

Potential humps – double layer

Andre Anders
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131

Slide by Andre Anders

132

Further reading on spokes and high energy metal ions in HIPIMS
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Bipolar pulsed high-power impulse magnetron sputtering

134

Bipolar pulsed high-power impulse magnetron sputtering
G.Eichenhofer, I Fernandez, A Wennberg 
Vakuum in Forschung und Praxis · April 2017

Ivan Fernandez: Nano4Energy
• Novel HIPIMS power supply the hiPV, hiPlus option
• positive voltage reversal for positive ion assisted 

deposition on insulating substrates with 
reducing the tendency to arcing.
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135

Bipolar pulsed high-power impulse magnetron sputtering

Wu, Haehnlein, Shchelkanov, McLain, Patel, Uhlig, 
Jurczyk, Leng,  Ruzic,  Vacuum, 150, 216 (2018)

Increased deposition rate

Bipolar pulsed high-power impulse magnetron sputtering

Velicua,Ianoş, Porosnicu, Mihăilă, Burducea, Velea, Cristea, 
Munteanu,Tiron, SCT 359, (2019),97-107 

Keraudy, Viloan, Raadu, Brenning, Lundin, Helmersson, 
SCT 359, (2019),433 

Cu+Ar ion

Precise control of ion energy

135
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Reactive gas inlets in front of the target and oriented 
towards the target + dense HIPIMS plasma


dissociation of O2 and N2

different reactivities of O2 and N2

comparable reactivities of O and N

Smooth composition control of oxynitrides - TaON
(HIPIMS with feedback pulsed reactive gas flow control (RGFC))

J. Rezek, J. Vlcek, J. Houska, R. Cerstvy, Thin Solid Films 566, 70 (2014)

Major advance: HIPIMS with feedback pulsed reactive gas flow control (RGFC)
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Part 1. Fundamentals of Sputter Deposition

1.5 Transport in the gas phase
• Thermalization
• Deposition rate calculation

1.6 Sputtering systems 
• Magnetron sputtering
• Reactive sputtering

1.7 HIPIMS 
• Source of metal ions
• Time separation between gas and metal ions
• High energy ions
• Lower deposition rates
• Bipolar HIPIMS
• Control of doubly charged ions 

1.1 Elements of kinetic theory of gases 
• Gas laws
• mean free path
• gas impingement rate

1.2 Elements of plasma physics 
• Plasma probes
• Sheath width
• Penning ionization
• Electron energy distribution functions

1.3 Glow discharge maintenance
• Secondary ion-electron emission
• Electron ionization cross-sections

1.4 Sputtering yield
• Linear cascade model
• Correction for threshold effects
• Sputtering efficiency
• Energy of sputtered atoms
• Other energetic particles: backscattered ions 

and negative oxygen ions
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