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Introduction – Magnetron sputtering

Gudmundsson and Lundin (2020) in High Power Impulse Magnetron Sputtering Discharge, Elsevier, 2020

Magnetron sputtering has been a highly sucessfull
technique that is essential in a number of industrial
applications Gudmundsson (2020) PSST 29 113001

In a high power impulse magnetron sputtering (HiPIMS)
the discharge is driven by high power pulses of low
repetition frequency, and with low duty cycle
This results in high discharge current density, increased
electron density, and increased ionization of the sputtered
species Gudmundsson et al. (2012) JVSTA 30 030801
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Thin film deposition
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Thin film deposition

The film mass density is always higher
when depositing with HiPIMS compared to
dcMS at the same average power
The surfaces are significantly smoother
when depositing with HiPIMS compared to
dcMS
The films typically exhibit better
crystallinity, and overall improved film
properties

lower electrical resistivity
improved optical properties
improved mechanical properties
better oxidation resistance

From Samuelsson et al. (2010) SCT 202 591
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Thin film deposition

TiN as diffusion barriers for
copper and aluminum
interconnects
HiPIMS deposited films have
significantly lower resistivity than
dcMS deposited films on SiO2 at
all growth temperatures
Thus, ultrathin continuous TiN
films with superior electrical
characteristics and high
resistance towards oxidation can
be obtained with HiPIMS at
reduced temperatures compared
to dcMS

From Magnus et al. (2012) IEEE EDL 33 1045
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Thin film deposition

There is a drawback
The deposition rate is lower for HiPIMS
when compared to dcMS operated at the
same average power
The HiPIMS deposition rates are typically
in the range of 30 – 85% of the dcMS
rates depending on target material
Many of the ions of the target material are
attracted back to the target surface by the
cathode potential

From Samuelsson et al. (2010) SCT 202 591
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The ionization region model
(IRM)
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Ionization region model

The ionization region model (IRM)
is a time-dependent volume
averaged plasma chemical model
of the ionization region (IR) of the
HiPIMS discharge
The IRM gives the temporal
evolution of the densities of ions,
neutrals and electrons
The IRM gives also two internal
parameters that are of importance

αt – ionization probability
βt – back-attraction probability

Detailed model description is given in Huo et al. (2017) JPD 50 354003

The definition of the volume covered by the IRM

The IR is defined as an
annular cylinder of width
wrt = rc2 − rc1 and
thickness L = z2 − z1,
extends from z1 to z2
axially away from the
target

From Raadu et al. (2011) PSST 20 065007
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Ionization region model

The temporal development is defined by a set of ordinary
differential equations giving the first time derivatives of

the electron energy
the particle densities for all the particles (except electrons)

The species assumed in the non-reactive-IRM are
cold electrons eC, hot electrons eH

argon atoms Ar(3s23p6), warm argon atoms in the ground
state ArW, hot argon atoms in the ground state ArH, Arm

(1s5 and 1s3) (11.6 eV), argon ions Ar+ (15.76 eV), doubly
ionized argon ions Ar2+ (27.63 eV)
Metal atoms, sometimes metastable states, metal ion M+,
and doubly ionized metal ions M2+

Detailed model description is given in Huo et al. (2017), JPD 50 354003
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Ionization region model

As an example the particle balance equation for the metal
ion M+ is

dnM+

dt
= k c

iz,MnenM + kh
iz,MnenM︸ ︷︷ ︸

electron impact ionization

+ kP,iznArmnM︸ ︷︷ ︸
Penning ionization

+ kchexc,1nMnAr+ + kchexc,2nM2+nAr︸ ︷︷ ︸
charge exchange

− k c
iz,M+nenM+ − kh

iz,M+nenM+︸ ︷︷ ︸
electron impact ionization to create M2+

− ΓRT
M+ + ΓBP

M+(SIR − SRT)

VIR︸ ︷︷ ︸
ion flux out of the ionization region
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Ionization region model

The IRM is a semi-empirical discharge
model and requires the measured discharge
current and voltage waveforms
The IRM has three unknown fitting
parameters

the ion back-attraction probability for the
metal ions βt,pulse and gas ions βg,pulse
the potential drop across the IR f = VIR/VD
the electron recapture probability r = 0.7

This leaves the (βt,pulse, f ) parameter space
to be explored through the model fitting
procedure – the blue zones in the fitting map
indicate the smallest mean square error

Graphite target from Eliasson et al. (2021) PSST 29 115017
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Ionization region model

The ionization probability αt increases
with increased discharge voltage
The peak discharge current increases
with increased discharge voltage
Earlier we have argued that the
ionization probability depends only on
the peak discharge current and
increases with increased peak
discharge current

Rudolph et al. (2022) JPD 55 015202

The back-attraction probability βt,pulse
decreases with increased discharge
voltage
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From Suresh Babu et al. (2022) PSST 31 065009
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Ionization region model
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The temporal evolution of the discharge current
composition at the target surface for three different targets
With Cu target Cu+ ions dominate, with graphite target Ar+

ions dominate
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Deposition rate vs ionized flux
fraction
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Deposition rate – αt and βt

We can relate the measured quantities normalized
deposition rate FDR,sput and the ionized flux fraction Fti,flux

FDR,sput =
ΓDR

Γ0
= (1− αtβt)

Fti,flux =
ΓDR,ions

ΓDR,sput
=

Γ0αt(1− βt)

Γ0(1− αtβt)
=
αt(1− βt)

(1− αtβt)

to the internal parameters back attraction probability βt

βt =
1− FDR,sput

1− FDR,sput(1− Fti,flux)

and ionization probability αt

αt = 1− FDR,sput(1− Fti,flux)

Hajihoseini et al. (2019) Plasma 2 201 and later refined by Rudolph et al. (2021) JAP 129 033303
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Deposition rate – Optimization

There are two measures of how good
a HiPIMS discharge is:

the fraction FDR,sput of all the
sputtered material that reaches the
diffusion region (DR)
the fraction Fti,flux of ionized species
in that flux

There is a trade off between the
goals of higher FDR,sput and higher
Fti,flux

The question that remains:
How can we vary the ionization
probability αt and maybe more
importantly the back-attraction
probability βt ?

From Brenning et al. (2020) JVSTA 38 033008
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Deposition rate – Optimization

What determines the back-attraction
probability ?
How can one influence the
back-attraction probability ?
The back-attraction probability βt,pulse,
determined by IRM, versus the
self-sputter yield for various target
materials
The data indicate that the
back-attraction probability decreases
roughly linearly with increased
self-sputter yield
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Working gas rarefaction



On the connection between the self-sputter yield and deposition rate in HiPIMS operation

Working gas rarefaction

The sputtered species enter the
discharge at considerable energy,
which is determined by the cohesive
energy of the solid target
The interaction between the energetic
sputtered particles and the working gas
atoms can lead to a reduction in the
working gas density – as has been
observed experimentally in the HiPIMS
discharge
The maximum in the degree of working
gas rarefaction, determined by the IRM,
for various target materials versus the
peak discharge current density JD,peak
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Working gas rarefaction

HiPIMS discharge with graphite
target and JD,peak = 1 A cm−2

Eliasson et al. (2021) PSST 30 115017

Argon atoms are lost mainly
through electron impact
ionization by primary and
secondary electrons
Contributions of kick-out and
charge-exchange are negligible
Diffusion contributes to a net
loss of argon atoms during the
pulse, but to a flow into the
ionization region after the pulse
is off From Barynova et al. to be submitted
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Working gas rarefaction

HiPIMS discharge with tungsten
target and JD,peak = 0.54 A cm−3

Suresh Babu et al. (2022) PSST 31 065009

The main contributor to the loss
of argon atoms from the IR is
kick-out by tungsten atoms
sputtered from the target (39 –
48 % contribution)
The second most important loss
process is electron impact
ionization by secondary
electrons followed by electron
impact ionization by the primary
electrons
Diffusional refill of argon atoms
is the main contributor to adding
argon to the IR, while warm and
hot argon atoms released from
the target to enter the ionization
also have a contribution to add
argon atoms to the ionization
region

From Barynova et al. to be submitted
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Working gas rarefaction

The relative contributions of the various
processes to working gas rarefaction
varies greatly depending on the target
material
The various contributions versus the
atomic mass of the target material for
JD,peak ∼ 1 A/cm2 and pg ∼ 1 Pa
Electron impact ionization by primary
electrons is rather significant for a
graphite target, but its role decreases
with increased atomic mass
The role of kick-out, or the sputter wind,
increases with increased mass of the
target atom
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From Barynova et al. to be submitted
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Summary
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Summary

The discharge current composition at the target surface
depends on the target material
There is an inescapable conflict between the goals of
higher deposition rate and higher fraction of ionized
species in the sputtered material flux
The back-attraction probability appears to depend on the
self-sputter yield – it is lower for higher self-sputter yield
The main contributor to working gas rarefaction for low
mass target atoms is electron impact ionization, while for
heavy mass target atoms kick-out by the sputtered species
is the main contributor



On the connection between the self-sputter yield and deposition rate in HiPIMS operation

Thank you for your attention
tumi@hi.is

The slides can be downloaded at
http://langmuir.raunvis.hi.is/∼tumi/ranns.html
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Abstract

Magnetron sputtering deposition has become the most widely used technique for deposition of
both metallic and compound thin films and is utilized in numerous industrial applications.
There has been a continuous development of the magnetron sputtering technology to improve
target utilization, increase ionization of the sputtered species, increase deposition rates, and to
minimize electrical instabilities such as arcs, as well as to reduce operating cost. The
development from the direct current (dc) diode sputter tool to the magnetron sputtering
discharge is discussed as well as the various magnetron sputtering discharge configurations.
The magnetron sputtering discharge is either operated as a dc or radio frequency discharge, or
it is driven by some other periodic waveforms depending on the application. This includes
reactive magnetron sputtering which exhibits hysteresis and is often operated with an
asymmetric bipolar mid-frequency pulsed waveform. Due to target poisoning the reactive
sputter process is inherently unstable and exhibits a strongly non-linear response to variations
in operating parameters. Ionized physical vapor deposition was initially achieved by adding a
secondary discharge between the cathode target and the substrate and later by applying high
power pulses to the cathode target. An overview is given of the operating parameters, the
discharge properties and the plasma parameters including particle densities, discharge current
composition, electron and ion energy distributions, deposition rate, and ionized flux fraction.
The discharge maintenance is discussed including the electron heating processes, the creation
and role of secondary electrons and Ohmic heating, and the sputter processes. Furthermore,
the role and appearance of instabilities in the discharge operation is discussed.

Keywords: magnetron sputtering discharge, dc diode sputtering, sputtering, dc discharge,
reactive sputtering, physical vapor deposition, E×B discharge

(Some figures may appear in colour only in the online journal)

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1. Introduction

Physical vapor deposition (PVD) refers to the formation of
a condensible vapor by physical mechanisms and subsequent
deposition of this material on a substrate as a thin film or
coating (Mahan 2000, Rossnagel 2003, Thornton 1988). This
can be achieved by a wide range of thin film deposition

0963-0252/20/113001+53$33.00 1 © 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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Abstract
Physical vapor deposition (PVD) refers to the removal of atoms from a solid or a liquid by
physical means, followed by deposition of those atoms on a nearby surface to form a thin film
or coating. Various approaches and techniques are applied to release the atoms including
thermal evaporation, electron beam evaporation, ion-driven sputtering, laser ablation, and
cathodic arc-based emission. Some of the approaches are based on a plasma discharge, while
in other cases the atoms composing the vapor are ionized either due to the release of the
film-forming species or they are ionized intentionally afterward. Here, a brief overview of the
various PVD techniques is given, while the emphasis is on sputtering, which is dominated by
magnetron sputtering, the most widely used technique for deposition of both metallic and
compound thin films. The advantages and drawbacks of the various techniques are discussed
and compared.

Keywords: physical vapor deposition, magnetron sputtering, cathodic arc deposition, ion
beam deposition, sputtering, pulsed laser deposition

(Some figures may appear in colour only in the online journal)

1. Introduction

The formation of a condensible vapor by physical mechanisms
and subsequent deposition of this material onto a substrate as a
thin film or coating is referred to as physical vapor deposition
(PVD) (Mahan 2000, Rossnagel 2003, Thornton 1988). The
formation of a vapor refers to a phase transition of the film-
forming material from a solid or liquid phase into a gaseous or

∗ Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

plasma phase. PVD is a broad field and various processes are
applied to create film-forming material and to achieve thin film
deposition. Physical vapor can be created by a wide range of
techniques, which have in common that the atoms are removed
from a solid or liquid source by physical means, momentum
exchange via thermal evaporation, sublimation, ion sputter-
ing, electron beam and laser ablation, and/or arc-based emis-
sion. Historically, vapor was descriptive for the film-forming
material in evaporation processes, as atoms in a vapor can
be characterized by the equilibrium parameter temperature.
However, when describing most modern PVD techniques, the
term ‘vapor’ (the gas phase of a substance at a temperature
lower than its critical temperature) is somewhat of a misnomer

0963-0252/22/083001+33$33.00 Printed in the UK 1 © 2022 The Author(s). Published by IOP Publishing Ltd
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