High Power Impulse Magnetron Sputtering
(HIPIMS): The effect of stationary magnetic field
on the deposition rate and ionized flux fraction

Hamidreza Hajihoseini

Faculty of Physical Science
University of Iceland
2020







High Power Impulse Magnetron
Sputtering (HiPIMS): The effect of
stationary magnetic field on the
deposition rate and ionized flux fraction

Hamidreza Hajihoseini

Dissertation submitted in partial fulfilment of a
Philosophiae Doctor degree in Physics

Advisor
Dr. Jon Témas Gudmundsson

PhD Committee
Dr. Daniel Lundin
Dr. Snorri Porgeir Ingvarsson

Opponents
Dr. Peter J. Kelly
Dr. Matjaz Panjan

Faculty of Physical Science
School of Engineering and Natural Sciences
University of Iceland
Reykjavik, May 2020



High Power Impulse Magnetron Sputtering (HiPIMS): The effect of stationary magnetic field on the deposition rate and
ionized flux fraction

High Power Impulse Magnetron Sputtering (HiPIMS)

Dissertation submitted in partial fulfillment of a Philosophiae Doctor degree in Physics

Copyright © Hamidreza Hajihoseini 2020
All rights reserved

Faculty of Physical Science

School of Engineering and Natural Sciences
University of Iceland

Taknigardi, Dunhaga 5

107, Reykjavik

Iceland

Telephone: 525-4000

Bibliographic information:
Hamidreza Hajihoseini, 2020, High Power Impulse Magnetron Sputtering (HiPIMS): The effect of stationary magnetic field
on the deposition rate and ionized flux fraction, PhD dissertation, Faculty of Physical Science, University of Iceland, 148 pp.

ISBN 978-9935-9514-2-7

Printing: Haskdlaprent
Reykjavik, Iceland, May 2020



Abstract

High power impulse magnetron sputtering (HiPIMS) is a rather recent deposition
method capable of depositing dense and smooth thin films by providing high amount
of ionized sputtered material. However, the high quality thin films come at the cost
of low deposition rate which hinders HiPIMS to be widely utilized in industry. Here
the results of an experimental study on the effect of stationary magnetic field on the
deposition rate, ionized flux fraction and properties of thin films deposited using the
HiPIMS process, are presented. This includes vanadium, vanadium nitride and nickel
thin films deposition using the HiPIMS technique under various conditions, including
varying confining magnetic field, working gas pressure, substrate bias and tilt angle. In
each case, the properties of HIPIMS deposited films were compared with corresponding
dcMS deposited films under the same conditions. For this aim, various characterization
techniques are used to determine the mass density, surface roughness, film composition,
micro structure, magnetic and electrical properties of the deposited films. For the
second part of the project a variable magnet is utilized in order to systematically
study the influence of magnetic field on the HiPIMS process. For each magnetic field
configuration, a series of deposition rate and ionized flux fraction measurements are
carried out at various positions in front of a cathode target to develop a picture of
spatial distribution of neutrals and ionized sputtered material. This part of the study
continued by measurement of sideways deposition rate and ionized flux fraction for
both HiPIMS and dcMS. This is to examine the link between an increase in sideways
material transport in HIPIMS and commonly reported reduction of the deposition rate
in HiPIMS compared to dcMS.






Utdrattur

Haaflspulsud segulspeta (HiPIMS) er fremur nyleg adferd til ad rekta punnar hidir
og gefur péttar hidir med mjog slétt firbord. Petta er gert med pvi ad framkalla hatt
jonunarhlutfall spettra agna. Pessi miklu gedi pessara r&ktudu hida eru 4 kosnad
rektunarhrada, sem hefur { komid { veg fyrir vidtaka notkun (HiPIMS) { idnadi. Hér eru
kynntar nidurstodur tilrauna par sem éhrif sisteds segulsvids 4 rektunarhrada, jonun-
arhlutfall, og eiginleika punnra hiida sem eru reektadar med haaflspuilsadri segulspztu.
Vanadin, vandin nitrid og nikkel punnhudir eru rektadar med haaflspilsadri segulpsaetu
par sem ymsum eiginleikum athledslunnar var breytt, par med talid breytingu 4 styrk
hremmisegulsvids, prystingi vinnugassins, spennu sem 16g0 er 4 undirlagid og horni
milli undirlags og skotmarks. Fyrir hvert pessara tilfella eru eiginleika hidar sem raekt-
adar eru med haflspilsadri segulspatu bornir saman vid tilsvarandi hidir sem rektadar
eru med dc segulspatu vid somu skilyrdi. Til pess ad f4 pennan samanburd var beitt
ymsum greiningaradferdum til ad dkvarda edlismassa, hrjifleika yfirbords, samsetningu
hudar, formgerd, segul-og rafeiginleika reektadra hida. I sidari hluta verkefnisins var
notad breytilegt segulsvid til ad rannsaka kerfisbundid dhrif segulsvids 4 eiginleika
haaflspilsadrar segulspatu. Fyrir sérhverja formgerd segulsvidsins, voru raektunar-
hradi og jénunarhlutfall mald fyrir nokkrar stadsetningar framan vid skotmarkid til ad
fa mynd af dreifingu hlutlausra agna og jénudum ognum 1 rdminu. Hér voru einnig
meldur rektunarhradi og jonunarhlutfall at til hlidanna, samsida skotmarki fyrir badi
haaflspilsada og dc segulspatu. Petta var gert til ad skoda tengsl milli aukins flutnings
agna til hlidanna { hdaflspuilsadri segulspatu sem oft er nefnd sem ein asteda legri
reektunarhrada 1 hdaflspulsadri samanborid vid dc segulspatu.
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1 Introduction

Thin films and coatings with thicknesses ranging from parts of a nanometer to several
micrometers play an essential part in many modern day technologies. They are used
to enhance the surface properties of materials or to add new functionalities to the
underlying substrate. Some examples include insulating barriers in electronic devices,
anti-reflective coatings in optics, and protective coatings for cutting tools. Due the
technological importance of thin films, the synthesis methods are being vigorously
developed. Some of the most popular thin film synthesis methods include electroplating
used in automobile industry, and various types of chemical vapor deposition (CVD)
and physical vapor deposition (PVD) methods used extensively in the semiconductor
industry.

Physical vapor deposition (PVD) methods, such as magnetron sputtering, are widely
used both in research and in industry to deposit a wide range of thin films for various
applications. In PVD, the film forming material is ejected from a solid or liquid target
and subsequently is transported to the substrate as a vapor. Some advantages of PVD
over CVD and atomic layer deposition (ALD) methods are off-thermal equilibrium film
growth, allowing the use of heat-sensitive substrate materials, and higher deposition
rates (Sarakinos and Martinu, 2020). DC magnetron sputtering (dcMS) is an example
of a highly successful PVD deposition technique that is widely used in industrial
applications (Kelly and Arnell, 2000). However, it suffers from from low ionization
of the sputtered species. lonized PVD (IPVD) methods, such as high power impulse
magnetron sputtering (HiPIMS), can be used to overcome shortcomings associated with
common PVD methods, and open up possibilities to further tailor the film properties
while still maintaining the favorable aspects of the PVD methods (Ohring, 2002; Lundin
and Sarakinos, 2012).

HiPIMS is a novel method of depositing thin films where the power is supplied in
short highly energetic pulses followed by a long off time gap. The greatest advantage
of the HiPIMS process compared to the other existing PVD methods is the production
of the highly ionized flux of the film forming species towards the substrate (Bohlmark
et al., 2006a; Hajihoseini et al., 2019b) which can be controlled via the substrate biasing
(Alami et al., 2007). This enables tailoring thin films with exceptional properties
such as low surface roughness (Ehiasarian et al., 2003; Hajihoseini and Gudmundsson,
2017), improved adhesion to the substrate (Ehiasarian et al., 2007), and higher hardness
(Paulitsch et al., 2010). In addition, functional properties of thin films such as electrical
(Magnus et al., 2012; Hajihoseini et al., 2018), mechanical (Paulitsch et al., 2010),
optical (Sultan et al., 2019, 2020) and magnetic (Hajihoseini et al., 2019a) properties,
can be engineered when highly ionized flux of sputtered material is available.

However, a high ionized flux fraction commonly comes at a cost of lower deposition



rate, which has thus far limited the use of HiPIMS in industry (Helmersson et al., 2006;
Lundin and Sarakinos, 2012). There have been a number of attempts to increase the
deposition rate in HiPIMS operation. This includes varying the pulse length (Kon-
stantinidis et al., 2006b; Velicu et al., 2014; Ferrec et al., 2016), chopping the pulse
into a train of shorter pulses (Antonin et al., 2015; Barker et al., 2013), increase the
target temperature (Tesaf et al., 2011), varying the magnetic (B) field strength (Capek
et al., 2013; Bradley et al., 2015; Mishra et al., 2010) modifying the B-field geometry
(Yu et al., 2013; Raman et al., 2015, 2016) adding external B-field in target vicinity
(Bohlmark et al., 2006b; Ganesan et al., 2018). Among these approaches, modifying the
B-field configuration is known as the most effective way of controlling the deposition
rate and ionized flux fraction. However, due to the complexity of controlling the B-field,
there is a lack of systematic study in this area.

The specific aim of the work discussed in this thesis is to systematically explore the
effect of B-field configuration on the HiPIMS process and compare it with the dcMS
process. This includes studying the impact of the B-field strength |B| and geometry
(degree of unbalancing) on the properties of the HiPIMS discharge as well as on
properties of the deposited thin films. The deposition rate and ionized flux fraction
were measured for HIPIMS and dcMS discharges at various B-field configurations.
Those parameters are recorded at various radial and axial positions in front of cathode
target. It enables us to map out a spatial profile of neutrals and ionized sputtered
materials and their connection with the B-field configuration. Lundin et al. (2008)
showed that a significant fraction of the sputtered metal species is deposited sideways
in HiPIMS discharge and suggest it could be one of the reasons for the lower deposition
rate observed. To examine that phenomena and to investigate its relationship with
B-field configuration, the sideways deposition rate and Fp,x were measured for both
HiPIMS and dcMS operations. Besides, thin films of vanadium and vanadium nitride
are deposited using two magnets with different magnetic strength and geometry using
both HiPIMS and dcMS methods. The surface roughness, mass density, grain size and
the micro structure of the deposited films are characterized and related to the variation
in magnetic field strength. Combining the results of film deposition and ionized flux
fraction measurement gives a broad picture of the effect of B-field configuration on the
HiPIMS and dcMS process.



2 Magnetron sputtering discharge

2.1 Sputtering

Sputtering in gas discharges was discovered in the mid 19th century by Grove (1852).
However, the physical principle of sputtering was described much later by Sigmund
(1969, 1987). The basic sputtering process can be described as an ejection of material
from a cathode (target) due to impinging of the positive working gas ions from the
discharge. Positive gas ions passing through the sheath region, that develops next to the
target surface, gain energy and strike the cathode surface and transfer momentum to
the target atoms. Momentum transfer does not affect only the impinging ion and one
target atom, but inside the target collision cascades are formed affecting multiple atomic
layers. If the energy supplied to the target atoms is high enough to break atomic bonds
and the momentum direction is oriented outwards, sputtering occurs. This is shown
schematically in Fig. 2.1. The average number of atoms ejected from the target per
incident ion is called the sputter yield. Besides sputtering the incoming ions can stick
to the target surface, scatter, get implanted in the first few atomic layers, change the
topography of the target surface, or simply transfer heat (Ohring (2002)).

Sputtered To external power
target atom supply

—
2o

Sputtering
target

Reflected

Growing
thin-film

Substrate

Substrate
holder

Vacuum pumping

Figure 2.1. Schematic of the sputtering process in a dc diode device. From Pessoa et al.
(2015).

One of the most striking characteristics of sputtering is its universality. Since the
film forming material is converted into vapour phase by a mechanical rather than a



chemical or thermal process, virtually any material can be deposited. The resulting
coating is held firmly to the surface by mechanical forces, although, in some cases,
chemical bonds may result. Sputtering has proven to be a successful method to coat
a variety of substrates with thin films of electrically conductive or non-conductive
materials. Direct current (dc) can be used to sputter conductive materials, while pulsed
dc or rf is used for non-conductive materials to alleviate arcing from the target (Schiller
et al., 1993).

2.2 DC diode sputtering

In a conventional dc diode sputtering which consists of two conducting electrode,
the sputtering species are inert working gas ions. A gas is introduced at specified
pressure between 2 and 4 Pa (Mattox, 1998). Then a high potential of several thousand
volts is applied between the two electrodes. This applied potential difference results
in an electric field between the electrodes that exerts a force on the free electrons,
caused by cosmic rays and already available in the gas, and accelerates them. These
accelerated electrons collide with gas atoms and ionise them. The ions, thus produced,
are accelerated by the field towards the cathode target and sputter the target material.
The impact of the working gas ions on the cathode target may also release some
electrons from the target. These released electrons, known as secondary electrons,
play an important role in sustaining the discharge. This dc sputtering technique suffers
from the serious drawback of low ionization efficiency that can be improved by the
various ways such applying higher voltage between the electrodes and increasing the
average working gas pressure (Chapman (1980)). Application of high voltage between
the electrodes results in significant target heating and arcing that cause damage to the
coatings being deposited. Increasing the working gas pressure enhances the ionization
efficiency, though the number of sputtered particles that reach the substrate and the
energy of the bombarding particles onto the substrate are significantly reduced, due
to the higher collisions among the particles in the space between the target and the
substrate. This, in turn, results in poor quality coatings and low deposition rate. Due to
these issues the dc diode sputter tool is not in much use today.

2.3 Magnetron sputtering

A possible method to increase the ionization efficiency is to confine the electrons in
the vicinity of the cathode target by using magnetic field. This technique is known
as magnetron sputtering (Gill and Kay, 1965; Kay, 1963). The magnetron sputtering
discharge incorporates a specially shaped magnetic field to a diode sputtering system.
The principle is that the cathode surface is immersed in a magnetic field such that
electron traps are created so that E x B drift currents close in on themselves. The
principle was discovered as far back as the 1930s by Penning (1936) and has been
used in the magnetron sputter deposition context for many decades. In essence, the
operation of a magnetron sputter source relies on the fact that primary and secondary



2. Magnetron sputtering discharge

electrons are trapped in a localized region close to the cathode in an endless 'racetrack’.
In this manner their chance of experiencing an ionizing collision with a working gas
atom is vastly increased and so the ionization efficiency is increased. This causes the
impedance of the plasma to drop and the magnetron sputter source operates at much
lower voltages (several hundreds volts) than convectional dc diode systems (several kV).
This greater ionization efficiency leads directly to an increase in ion current density
onto the cathode target which is proportional to the erosion rate of the target. Compared
to the formerly used planar dc diode tool, the planar magnetron sputtering discharge
revolutionized the sputter process, by enabling to sputter at much lower working gas
pressures with much higher deposition rate and thin film quality (Chapin (1974); Schiller
et al. (1993)). In addition, substrate heating is reduced and sputtering from the substrate
and chamber walls is avoided (Rohde (1994)). Magnetron sputtering however has one
major drawback, due to the nature of magnetic confinement the plasma is distributed
non-uniformly over the target, which causes uneven ion bombardment, resulting in
inhomogeneous target sputtering. There are two negative effects of the inhomogeneous
target sputtering; first, the thin film is deposited unevenly (Swann, 1987; Kelly and
Arnell, 2000) and second, the area of the target where the highest sputtering erodes and
forms a racetrack. For a circular target, this type of erosion leads to a large amount
of waste, as high as 75 % of the target material is not used. The former issue can
be solved by suitable configuration of the sputter system, such as substrate rotation,
change of substrate position, substrate biasing or optimization of the confining magnetic
field. The latter, the area of highest target erosion (racetrack) where the magnetic field
lines are perpendicular to the target surface, can not be avoided, but can be improved.
Target utilization in a typical planar configuration is 25 — 35 % (Chapin (1974); Braiier
et al. (2010)). By using rotating and tilted magnets it is possible to increase the target
utilization up to 80 % (Iseki (2009)).

A conventional or balanced magnetron sputtering system consists of planar cathode
with permanent magnets placed directly behind the cathode in such a way that magnetic
field lines make a closed loop starting from and ending on the cathode surface. The
magnetron assembly consists of the cathode target and the magnets that create the
confining magnetic field and are often water cooled. The anode, which is usually a ring
placed around the cathode, is often grounded and serves as the plasma boundary.

The magnetron assembly can be configured in two modes of operations i.e. balanced
or conventional and unbalanced, depending on the magnetic configuration. In the
balanced magnetron, the magnetic flux through the outer and inner magnets is identical
(Fig. 2.2.(a)). Thus, the plasma is strongly confined in the target vicinity. Generally
it is difficult to deposit fully dense films on a large, or a complex component using
conventional balanced magnetrons (Musil and Kadlec (1990)) because positioning the
substrate outside of the plasma within the confined region prohibits the growing film
from receiving sufficient ion bombardment. By strengthening and weakening one of the
poles, an unbalanced magnetron can be achieved. Unbalanced magnetron can further
be divided into two modes namely type I and type II depending on the location of the
null field zone. In type I unbalanced magnetron, the null field zone is far from the target
as compared to type II. The strength of the inner magnet is higher than the outer one
which directs some of magnetic field lines toward the side walls (Fig. 2.2.(b)). In type
II the strength of outer magnets is higher and as a result not all magnetic field lines are



directed to the inner magnet, some are opened towards the substrate (Fig. 2.2.(c)). The
highly ionized plasma is thus not confined as strongly as in the balanced case enabling
the high plasma density area to be prolonged to the substrate. Subsequently, inducing
high ion bombardment of the substrate without a need of biasing the substrate.

Balanced Unbalanced type | Unbalanced type Il

Figure 2.2. A schematic of the magnetic design commonly used in magnetron sputtering
discharges. The three cases, (a) balanced, (b) unbalanced type I, and (c) unbalanced
type II. Reprinted from Gudmundsson and Lundin (2020) with permission from Elsevier.

Window and Savvides (1986) studied seven planar magnetrons with differing mag-
netic field configurations. They find the type II magnetron assemblies yielded a five-
to nearly 100-fold increase in the ion current collected by a -100 V probe compared
to the type I magnetron assemblies. The ion to deposited atom ratio measured up to 2
for type II configurations, while for type I it was 0.00025. Thus, type I configuration
provided very little substrate ion bombardment, while type II configuration provided
considerable ion bombardment at low ion energies.

2.4 Direct Current Magnetron Sputtering (dcMS)

There are three general ways of applying power into a magnetron sputtering discharge;
continuous (i.e., dcMS), pulsed (i.e., MPPMS, HiPIMS and other pulsed techniques) and
oscillatory (i.e., RFMS). The most popular and simplest method is using a continuous
power supply known as direct current magnetron sputtering or dcMS. The typical
voltage needed for dcMS process ranges around several hundreds of volts depending on
the target material and the experimental arrangement. The power density is up to 10s of
W/em?. Up to 80 % of the supplied power is transformed to heat, so efficient cooling is
needed in order to avoid target melting (Vossen and Cuomo, 1978). In dcMS the main
ionized species are those of the working gas, however due to Penning ionisation the
target material ions can also be detected (Christou and Barber, 2000). As a result, dcMS
is known as a line-of-sight process, since it generates mostly neutral sputtered atoms
whose trajectory and energy cannot be easily controlled, therefore rather low pressures
are used to minimize scattering of the sputtered atoms (Lieberman and Gottscho, 1994).
Majority of the sputtered particles have energies of a few eVs, however the tail of the
distribution function ranges up to tens of eVs (Kadlec et al., 1997).

The limitation of the dcMS process however is a low ion flux towards the substrate.



2. Magnetron sputtering discharge

Ion flux is mandatory for tailoring specific thin films properties (Window and Savvides,
1986). However, ion bombardment can be enhanced by utilizing unbalanced magnetic
field (Kelly and Arnell, 2000; Svadkovski et al., 2002), biasing the substrate (Low et al.,
2014), increasing the ionization by introducing either secondary radio frequency (rf)
discharge (Rossnagel and Hopwood, 1993; Rossnagel, 2000) in the path between the
cathode target and substrate, adding external magnetic field (Yang et al. (2009)), or
using sideways dual magnetron sputtering (Aijaz et al. (2010)). When the sputtered flux
consists of more ions than neutrals, i.e. I';} > I3, it can referred as ionized physical
vapour deposition (IPVD) (Gudmundsson (2008); Hopwood (2000)). Magnetron sput-
tering methods affiliated to IPVD processes are inductively coupled plasma assisted
magnetron sputtering (ICP-MS) (Rossnagel and Hopwood (1994)), electron cyclotron
resonance assisted magnetron sputtering (ECR-MS) (Musil et al. (1991)), hollow cath-
ode magnetron (HCM) (Klawuhn et al. (2000)) and high power impulse magnetron
sputtering (HiPIMS) (Gudmundsson et al., 2012).






3 High Power Impulse Magnetron Sputter-
ing (HiPIMS)

3.1 Principle of HiPIMS

The idea behind the HiPIMS technique is to focus the power into highly energetic pulse
in order to create a high density plasma. This ensures a very high ion flux towards the
substrate, enabling to customize thin films properties such as low surface roughness
(Ehiasarian et al. (2003)), improve adhesion to the substrate (Ehiasarian et al. (2007)), or
increase hardness (Paulitsch et al., 2010). The average power supplied to the magnetron
sputtering discharge is however limited by the target cooling. To put the thermal load of
the target under control, HiPIMS has to be operated at low frequency (10 — 5000 Hz)
and low duty cycle (less than 2 %).
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Figure 3.3. Trade off between pulse duty cycle and peak power density in magnetron
sputter operation. From Gudmundsson et al. (2012).

The first report on the high power pulse magnetron sputtering technique was pub-
lished by Fetisov et al. (1991) and continued exploration was reported by Mozgrin
(1994), Mozgrin et al. (1995), and Fetisov et al. (1999). However, HiPIMS was finally
noticed when it was introduced by Kouznetsov et al. (1999), where a magnetron sput-



tering discharge was reported that reached power density of 2600 W/cm? which led to
ion current density up to 3.4 A/cm?. Such high power density is a distinctive character
of HiPIMS compared to the other pulsed magnetron sputtering methods. Commonly it
is known that there is a trade off between pulse duty cycle and peak power density as
demonstrated in Fig 3.3. Hence, HiPIMS peak power density is two and one orders of
magnitude higher than the conventional dcMS and modulated pulse power magnetron
sputtering (MPPMS), respectively.

The application of the short and intense power pulse to the magnetron target can
lead to electron densities of up to 10'® m~3 in the vicinity of the target. This in turn
enhances the probability of ionization of both the background gas and importantly the
sputtered neutral flux, leading to ionized density fraction at the substrate over 90 %,
depending on the target material and process parameters (Bohlmark et al., 2005).

3.2 Voltage-current waveform

During the HiPIMS pulse the discharge current is time dependent parameter evolving
according to the dominant processes present in the discharge (i.e. ionization, gas rar-
efaction, self-sputtering). Any slight variation of deposition parameter can change the
dominant process which is immediately reflected in the discharge current waveforms.
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Figure 3.4. The peak discharge current voltage characteristic of the conventional
magnetron and HiPIMS discharge. n is the exponent in the relationship Ip = kVp".
Reprinted from Ehiasarian et al. (2002), with permission from Elsevier.

In decMS discharge, Ip — Vp characteristic follows the relationship Ip = kVp", where
the exponent n ranges from 5 to 15 as reported by Rossnagel and Kaufman (1988).
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Ehiasarian et al. (2002) and Alami et al. (2006) found the Ip — Vp characteristic of the
HiPIMS discharge consisting of two phases, and is shown in Fig. 3.4. At low discharge
currents n is similar to the coefficient found in dcMS discharge while at the higher
discharge currents the exponent changes and additional increasing of target voltage does
not result in increase in the discharge current.

A typical HiPIMS discharge current waveform can be divided into five phases
(Lundin et al., 2020a). Different kind of physical mechanisms are involved in each
phases.

¢ Phase 1 - Ignition

In this phase although a negative voltage is applied to the target there is a negligi-
ble plasma in the bulk volume of the chamber. However, the discharge ignites as
a localized glow close to the anode where the electric field is very strong. This
delay which takes about 10 us depends on the working gas pressure (Hajihoseini
and Gudmundsson (2017)) and composition (Hala et al. (2010)), cathode voltage
(Yushkov and Anders (2010)), target material (Hecimovic and Ehiasarian (2011))
and magnetic field (Hajihoseini et al. (2019b)). In order to shorten the delay,
a dc pre-ionizer can be used which can speed up the current rise time by two
orders of magnitude (Poolcharuansin and Bradley, 2010; Revel et al., 2018). A
measurement by Vitelaru et al. (2012) using time-resolved tunable diode-laser
absorption spectroscopy showed a very strong increase of the density of the
metastable working gas atoms (Ar™), in the ignition phase as can be seen in Fig.
3.5. A short burst of hot electrons in the range of 70 to 100 eV was detected by
Poolcharuansin and Bradley (2010) within the first 10 us of the HiPIMS pulse.
It can explain the increase in the number of metastable Ar™ atoms due to the
electron impact excitation. In addition, the metastable density being built up
practically without any losses which results in sudden rise in the Ar™ density
(Stancu et al. (2015)).

¢ Phase 2 - Current rise

In this phase the bulk plasma breakdown occurs which leads to a strong initial
current increase. A strong axial ion current (perpendicular to the target surface)
created toward the edge and the center of the target, where the magnetic field lines
intersect the cathode target (Lundin et al. (2011)). This ion current is produced by
ionization of the neutral working gas by secondary electrons (hot electrons) and
electrons created in the ionization region close to the target (cold electrons). In
phase 2 a dense plasma torus appears above the target race track. In addition, the
metal atom and argon metastable densities build up, while working gas depletion
sets in, mainly due to ionization losses (Huo et al. (2012)). However, Ar™ density
subsequently decreases due to Penning ionization of the sputtered atoms as well
as electron impact ionization of neutral metastable gas atoms, has come into play
(Vitelaru et al. (2012); Gudmundsson et al. (2015)). As the peak in the discharge
current approaches towards the end of phase 2 there is a strong decrease in the
density of the metastable argon atoms while the neutral argon temperature begins
to increase (Fig. 3.5).

¢ Phase 3 - current decay (transition)
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Phase 3 starts with a discharge current decay which can sometimes be significant.
Decrease in the discharge current leads to a greater refill of argon gas from the
surrounding gas reservoir, and therefore the Ar density increases again. As a
result, the metastable density increases as the current decreases which can be seen
in Fig. 3.5. This Phase does not exhibit a steady state and the discharge either
goes into the decay phase characterized by a decrease in the discharge current
or an ion recycling regime (Brenning et al. (2017)) characterized by yet another
discharge current increase or at least a sustained high current mode.

During phase 3, a more extended axial current in the the bulk plasma can be
detected. This is because the bulk plasma density rises remarkably to admit
current closure across the magnetic field lines. It starts at the larger distances
from cathode at first, finally the plasma density grows high enough at the racetrack
and encourage electrons to cross the magnetic field lines.

When the discharge current peaks, a strong reduction of the working gas density
occurs, which is known as gas rarefaction. In fact, the gas rarefaction was
known to exists in dc discharge. Kadlec (2007) introduced gas expansion as
a reason of rarefaction in dcMS where the plasma density is low. He claimed
the expansion is a result of heating due to collisions between the working gas
atoms and the increasing amount of sputtered species as well as reflected working
gas atoms. However, for highly ionized plasma such as HiPIMS, the impact of
ionization of the working gas becomes significant (Huo et al., 2012). Raadu et al.
(2011) showed that the role of electron impact ionization is dominant due to the
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significantly higher plasma densities in the HiPIMS discharge as compared to for
example dcMS.

Phase 4 - plateau (runaway)

During this phase a dense, plasma torus is now maintained above the target race
track, which leads to considerable ionization in this region (Lundin et al. (2011)).
Axial cross-B current transport is now the dominant fraction of the measured
total current, a significant change compared to phases 1 and 2, where most of the
discharge current crosses the B-field radially and close to the target surface.

Depending on the amplitude of the discharge current two scenarios could happen.

Low discharge current: If the plateau current is lower than the peak current the
plasma density during phase 4 decreases due to working gas rarefaction. As a
result the ionization of the working gas and of sputtered particles reduces which
leads to a reduced sputtering (Lundin et al., 2009). Similar to the dcMS discharge,
the low current discharge mainly consists of neutrals (working gas and sputtered
material). Thus, a modest gas heating and gas depletion is expected similar to
dcMS operation.

High discharge current: This regime typically involves a combination of work-

ing gas recycling and self-sputter recycling, which increases the discharge current
to become higher than the critical current and thereby leads to significantly higher
current compared to the dcMS case. Note that the discharge at such current am-
plitudes is neither defined as being pure working gas sputtering nor self-sustained
self-sputtering, but instead known as working gas-sustained self-sputtering, where
the working gas ion current acts as a seed for a stronger metal ion current (Huo
et al. (2014)). Hala et al. (2010) reported an intense emission from both neutrals
and ions of the sputtered material in this phase. However, there is another possi-
bility referred to as self-sputter runaway. Anders (2008) showed that this regime
requires that self-sputter parameter fulfills 7ss = 04 ¥ss > 1. Since oy and S,
are always <1, for self-sputter runaway Ysg > 1 is necessary.

Phase 5 - afterglow

Afterglow begins when cathode voltage is turned off and thereby discharge current
drops sharply. The HiPIMS discharge plasma can survive for a long time during
the off-time, where a weak electron density (Poolcharuansin and Bradley (2010))
as well as ions from the working gas and the sputtered metal (Hecimovic and
Ehiasarian (2011)) were detected for up to 10 ms after the pulse was switched off.

In the afterglow the electron density decreases steeply in the first 30 us and then
keeps decreasing slowly up to 3500 us (Poolcharuansin and Bradley (2010)).
As one can see in Fig. 3.5, the same pattern has been observed for the density
of Ar™ in afterglow discharge (Vitelaru et al. (2012)). This is due to the rapid
disappearance of the energetic electrons which reduces the rate of electron-impact
population of Ar™ from the Ar ground state.
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3.3 Deposition rate

For dcMS, the deposition rates are found to be linearly proportional to the power
delivered to the target (Waits (1978)). However, in HIPIMS discharge, by increasing
the discharge current the rate of increasing deposition rate decreases. Generally, the
deposition rate during HiPIMS operation is known to be lower than the dcMS one at the
same average power. As can be seen in Fig 3.6, Samuelsson et al. (2010) observed that
the HiPIMS rates are in the range of 30 — 85 % of the dcMS rates depending on target
material after exploring Ti, Cr, Zr, Al, Cu, Ta, Pt and Ag discharges.
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Figure 3.6. Bar graph of deposition rates for dcMS and HiPIMS discharges for the
different target materials (left axis). The ratio of the deposition rate of HiPIMS over
dcMS deposition rate is shown as a scatter plot (right axis). Reprinted from
Samuelsson et al. (2010) with permission from Elsevier.

In the HiPIMS regime, due the pulsed nature of the discharge the situation is more
complex than in dcMS. The applied power can be increased either by increasing the
amplitude of the applied voltage and the current amplitude of the pulses or maintaining
the pulse amplitudes and instead increase the pulse frequency and pulse length. However,
the resulting deposition rates will not be the same (Hajihoseini et al. (2019b)).

A long off time duration between the HiPIMS pulses has a negative effect on plasma
formation, the pulses are so far apart in time that there is a small pre-ionisation effect
left from preceding pulse (Sarakinos et al. (2010)). This should have the major negative
effect on the deposition rate of the thin film as a high amount of energy is consumed
to restart the ionization in each cycle. It turns out that this is not the case, average
deposition rate for the low current HiPIMS is very similar to the dcMS for the same
average supplied power, but as the peak discharge current increases the deposition rate
decreases (Alami et al. (2006)). In addition, Konstantinidis et al. (2006a) found that the
HiPIMS deposition rate increases from 20 % to 70 % of the dcMS values as the pulse
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length is shortened from 20 to 5 us for the same average power.

3.3.1 Physics behind deposition rate loss

The processes responsible for deposition rate loss in HIPIMS are not fully understood.
However, there have been several suggestions for the cause of the low deposition rate.
These suggestions include:

* Back-attraction of the ionized sputtered material: The neutrals that are sput-
tered off from the target are likely to undergo an ionizing collision in the high
density plasma in the cathode target vicinity. The probability of ionization of
the target atoms is denoted by ¢ and varies with the plasma conditions. Part of
those ions that are created close enough to the cathode target and also have a low
enough kinetic energy will be back-attracted to the target (Christie, 2005). The
probability of back-attraction is denoted by fB; and depends on how far the electric
field extends outside the cathode sheath and into the dense plasma, where most of
the ionization occurs. It is believed that the attraction of the sputtered ions back
towards the target in HIPIMS plays the major role in lowering the deposition rate
(Helmersson et al. (2005)).

* Self-sputtering: Back attracting ionized sputtered material comes with a two-
fold impact. As the self-sputter yield is generally 10 — 15% lower than the yield
of Ar™ ions, the efficiency of sputtering process in HiPIMS is decreased (Anders
(2010)). Also a back attracted ion is lost from forming a film on the substrate.

* Gas rarefaction: Gas rarefaction leads to lower density of the working gas
in front of the target and thus a reduction in the number of ions available for
sputtering. This subsequently leads to a reduction in the deposition rate, in
particular for long pulses.

* Sideways transport of charged particles: Lundin et al. (2008) show that a
significant fraction of the sputtered metal species is deposited sideways. This
enhanced radial transport (across the magnetic field lines) increases the deposition
rates perpendicular to the target surface, but decreases the amount of sputtered
material that reaches a substrate in front of the target. Leroy et al. (2011) carried
out similar investigations using a rotating cylindrical magnetron. However, they
did not observe an increase in sideways deposition and suggest that anomalous
transport might work differently in these devices. However, this we have shown is
not an explanation for lower deposition rate in HiPIMS as the sideways transport
of film forming material is often higher in dcMS operation Hajihoseini et al.
(2020).

¢ Film effects: HiPIMS is known to produce dense thin films. It is clear that film
with higher density implies a lower thickness at equal number of deposited atoms.
However, this effect can generally expected to be small. In addition, substrate
bombardment is by energetic species can result in re-sputtering from growing
film. This effect can be very significant when the substrate is negatively biased
(Anders (2004, 2010); Hajihoseini et al. (2018)).
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* Non-linear scaling of sputter yield: Deposition rate comparisons between
dcMS and HiPIMS usually carry out at the same average power in the liter-
ature. However, Emmerlich et al. (2008) argue that the nonlinear scaling of the
sputter yield with the cathode voltage is not taken into account (often Y o +/Vp)
when comparing dcMS and HiPIMS discharges operated at the same average
power. This would reduce the sputter rate since in HiPIMS operation the target
voltage is significantly higher than for a dcMS discharge. It is therefore not
reasonable to compare the two methods at the same average power. Also, Alami
et al. (2006) address the difference in discharge voltage and discharge current
between dcMS and HiPIMS and suggest that the lower deposition rate in HIPIMS
is at least partially due to a lower average discharge current at the same average
power. They conclude that comparison should be made for the same average
discharge current.

3.3.2 Increasing the deposition rate

There have been extensive attempts to increase the deposition rate in the HiPIMS
process. This includes using short pulses (Antonin et al., 2015), adding positive kick
pulse (Wu et al., 2018), adding secondary discharge (Konstantinidis et al., 2006c¢),
increasing the target temperature (Anders, 2010), and manipulating the magnetic field
(éapek et al., 2013).

There are a few reports on utilizing train of micro-pulses to increase the deposition
rate in HIPIMS. The methods such as chopped HiPIMS by Barker et al. (2013) and
Antonin et al. (2015), modulated pulse power magnetron sputtering (MPPMS) by Liebig
et al. (2011) and deep oscillation magnetron sputtering (DOMS) by Ferreira et al. (2014)
are built on this approach. Since the back-attracting electric field disappears at the
pulse end, the available ions in the ionization region at this time will experience an
abruptly lowered ;. As a result, those ions have a considerably higher chance to leave
the ionization region and reach the substrate position. Therefore, by shortening the
pulse length (and increasing the pulse frequency) the number of ions from after glow
which contribute to film forming can be increased significantly.

In another attempt, Konstantinidis et al. (2006c) added an inductive coil, halfway
between the target and the substrate, to make a secondary inductively coupled discharge.
They claim this secondary discharge could be used to minimize the decrease in the
deposition rate as it would increase the conductivity of the inter-electrode volume
plasma and make it easier for the metal ions to leave the magnetic trap (reduced ;).

Wau et al. (2018) report a deposition rate increase of up to 19 % when sputtering Cu
by bipolar HiPIMS. They applied 100 us long HiPIMS pulses to the target followed
by a 100 us positive pulse with amplitude of maximum 150 V. The authors believe
that the positive pulse creates a positive sheath at the target which accelerates more
positive ions toward the substrate and thereby increases the deposition rate. However,
implementation of the same method when sputtering Cu by Nakano et al. (2013), Ti by
Britun et al. (2018) and Keraudy et al. (2019) did not lead to a higher deposition rate.

Also, an increase in deposition rate by increasing the target source temperature has
been reported. Vicek et al. (2009) demonstrated an increase between 1.9 to 2.9 times
in the HiPIMS deposition rate of Ti by increasing the target surface temperature up to
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1700°C. However, it is likely that part of rate increase is due to sublimation (in particular
the race track zone) and evaporation at these temperatures (Anders (2010); Behrisch
and Eckstein (1993)).

Decrease of the magnetic field strength is a promising way to increase the deposition
rate. Several groups have investigated the effect of magnetic (B) field strength on the
HiPIMS deposition rate using either permanent magnets or electromagnets. Capek et al.
(2013) reported on the increase of Nb deposition rate by a factor of 5 when they lowered
the B-field placing spacers of different widths behind the cathode. Similarly, Mishra
et al. (2010), found a six fold increase in the deposition rate of Ti by weakening the B-
field by 33 % which led to a weaker electric field in vicinity of the target as shown in Fig
3.7. They proposed a reduced f3;, due to the weaker electric field, increases the ion flux
to the substrate. However, Bradley et al. (2015) later analysed the same experimental
data and argued that there was also a lower ionization probability ¢; at the weaker
magnetic fields. This gives an alternative explanation for the increased deposition rate.
Because at lower ¢, ions are replaced by neutrals which are not back-attracted.
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Figure 3.7. The plasma potential versus axial distance from the cathode measured at
discharge current maximum. Results for three different B-field configurations are
shown: profiles A (weakest |B|), B, and C (strongest |B|), and with parts marked A-A’,
B-B’, and C-C’. Adapted from Mishra et al. (2010).

There are also reports of a deposition rate increase achieved by guiding the ionized
flux using external magnetic fields. Bohlmark et al. (2006a) placed a coil in front
of magnetron target which carries a current in a way that generated a magnetic field
opposing the field from the center pole of the magnetron assembly. They observed an
increase of 80 % in deposition rate for the sample placed in the front of target while
the deposition rate was strongly decreased on samples placed to the side of the target.
Ganesan et al. (2018) reported on increase in deposition rate by factor of 3 using an
externally applied B-field produced by a solenoid in front of target as well as application
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of substrate bias. They claimed this is a result of enhancement of the ionization of
neutral atoms by broadening in region of intense plasma over the racetrack as well as
improvement in transport efficiency of ions toward the substrate position.

There have also been a few attempts to modify the B-field geometry in order to
improve the deposition rate. This includes the work of Yu et al. (2013) that used a
36 cm diameter copper target with spiral magnet pack assembly, in order to produce
uniform plasma in the substrate vicinity and to improve target utilization. However,
their design suffers from low electron trapping efficiency because of the open B-field
lines in this B-field configuration. As a result, their discharge did not work in the high
discharge current mode and was limited to be ignited at pressures higher than 5 Pa and
target diameter bigger than 10 cm. More recently, Raman and coworkers proposed
new types of the B-field configurations, called ‘epsilon (€)’ magnet pack (Raman et al.,
2015) and ‘TriPack’ magnet pack (Raman et al., 2016). The new magnet packs lead
to doubling of the deposition rates compared to the conventional magnet assemblies
and also improved deposition uniformity. The increase in deposition rate is achieved by
confinement of the electrons further away from cathode, where metal ions have a better
chance to tackle the potential barrier and thus arrive at the substrate position. Using fast
imaging measurements they demonstrate a more expanded ionization zone (25 % wider
racetrack) in discharges with the ‘€’ and “TriPack’ than running by conventional dipole
B-field configuration. However, those designs encounter some difficulties when scaled
down to a smaller cathode size.

3.4 lonized fraction of depositing particles

Significant fraction of ionized metal particles is the key feature of the HiPIMS discharge.
To describe this requires knowledge of the absolute fraction of ionized sputtered particles.
Different descriptions have been used in the literature which causes some confusion
concerning the ionized fraction. Three approaches are typically used to describe the
degree (or fraction) of ionization: the ionized flux fraction Fyx, the ionized density
fraction Fyensity and the fraction oy of the sputtered metal atoms that become ionized in
the plasma (probability of ionization). First, following Hopwood (1998), we define the
ionized flux fraction as
I

Fiux = —— 1
flux Fi"'rn ( )

where I'j and I}, are the ion and neutral fluxes of the sputtered species arriving at the
substrate, respectively. Second, the ionized density fraction is defined as

n;

2

Fdensily = ntn
i n

where n; and n,, are the ion and neutral densities of the sputtered species in the volume,
respectively. Third, the probability of ionization i was originally introduced by Christie
(2005) when describing a target material pathways model for HiPIMS. It is defined as
the fraction of the total amount of sputtered atoms that are ionized by the magnetron
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plasma. Fyux is the most convenient to measure, as discussed in Section 4.13, and
consequently the most commonly reported fraction of ionization.

3.5 lonized flux fraction in HiPIMS

Kouznetsov et al. (1999) made the first attempts to estimate the ionized flux fraction
Fiyx in a HiPIMS discharge, where they deposited Cu on a substrate at a distance of
6 cm from the target. The experiment was carried out with a pulse discharge power
density of 2.8 kW/cm? at an Ar working gas pressure of 0.065 Pa. By comparing the
thickness of two thin copper films deposited on a conductive Si substrate using either
an applied bias of +140 V to repel positive ions or -50 V (depositing both neutrals and
ions) they could estimate the Fjyx ~ 70 %. However, there is at least 10 % error in the
reported ionized flux fraction due to the difference in film mass density when depositing
from a combination of ions and neutrals or only from neutrals. In addition, the resulting
error from thickness measurements could be significant due to film roughness.

Maciék et al. (2000) continued these measurements using the same HiPIMS system
with a Tig5Alg s target, pulse power density of 0.6 kW/cm? at an Ar working gas
pressure of 0.13 Pa. A planar probe with an area of 1.77 cm? biased to -70 V and was
placed at a distance of 10 cm from the target. The temporal evolution of the measured
ion current on the probe revealed a two-peak structure, which could be deconvoluted
to separate argon and metal ions. By integrating the area below the metal and argon
component of the measured ion current, the authors could calculate the number of
ionized particles depositing on the probe. By measuring the total deposition rate the
ionization flux fraction of deposited particles could be estimated to 40 % with error
margin of 20 % originated from the fitting of the experimentally measured ion current
waveform.

Two decades later, more accurate measurements of the ionized flux fraction have
been carried out by a number of groups using the gridded and grid-less QCM. The details
of instruments are described in Section 4.13. These measurements were performed by
several authors using various targets and discharge conditions. A summary of these
measurements can be seen in Fig. 3.8. A few general features can be tracked in these
measurement:

For peak current densities around 1 A/cm? and working gas pressures in the range
of 0.5 — 2.0 Pa the Fyy is higher than 50 %. By increasing the working gas pressure up
to 4 Pa, the Fyux exhibits a strong decrease. Typically, increasing peak discharge current
density leads to an increase in the ionized flux fraction. There is no strong dependency
on target material, however, Ti and Al targets exhibit a slightly higher Fj,x than a Cu
target. This is probably because the ionization potential of Cu is higher than Ti and
Al as well as a considerably lower electron impact ionization collision cross section
(Samuelsson et al., 2010).

19



LI L L I L L R A R R M LA R B

80

]0.065 Pa

[=2]
o

J0.5Pa

B
o

lonized flux fraction [%]

20

il 1
TiO, TiAl Cu
Target material

Figure 3.8. Compiled data on ionized flux fraction measurements in HiPIMS for eight
different material systems. The discharges were operated in either pure Ar or in an
Ar/Oy mixture with the pressure given above each bar (0.05 — 4.0 Pa). The values
inside the bars denote the discharge current density averaged over the entire target
(0.03 — 6 A/em?). The letters beside the discharge current densities refer to results from
different authors i.e. (a) Kouznetsov et al. (1999), (b) Macdk et al. (2000), (c) Vicek et
al. (2007), (d) Kudldcek et al. (2008), (e) Poolcharuansin and Bradley (2010), (f)
Lundin et al. (2015), (g) Hubicka et al. (2013), (h) Kubart et al. (2014), (i) Meng et al.
(2014), (k) Stranak et al. (2014)(HiPIMS+ECWR), and (m) Stranak et al. (2014)
(HiPIMS). Reprinted from Lundin et al. (2020b), with permission from Elsevier.
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4 Sputtering instruments and plasma char-
acterization

The experimental work was performed using two sputter chambers along with a number
of power supplies and magnet assemblies. The thin film deposition was performed at
the University of Iceland, Reykjavik, Iceland, while the plasma characterization was
performed at Université Paris Sud, Orsay, France.

4.1 Sputtering apparatus

4.1.1 Thin film deposition

Vanadium, vanadium nitride and nickel thin films were deposited in a custom built
magnetron sputtering chamber (Arnalds et al., 2007) located at the University of Iceland
Nanotechnology and Materials Science Centre. The chamber base pressure was 4 x
10~% Pa and working gas was argon of 99.999 % purity mixed with nitrogen gas of
99.999 % purity for reactive deposition of vanadium nitride. The flow of injection gases
into the chamber was controlled using mass flow controllers. A throttle valve was used
to adjust the working gas pressure. The vanadium and nickel targets were 75 mm in
diameter and of 99.995 % and 99.95 % purity, respectively.

The substrates used were thermally oxidized Si(001) with an oxide thickness of
100 nm or 1 wm. The substrate temperature was adjusted during growth with a 1.5 inch
(3.8 cm) diameter circular plate heater, separated from the substrate holder by a 2 mm
gap. The substrate holder design is described in more detail by Arnalds et al. (2007).
All depositions were made while keeping the substrate holder grounded. However, in
paper II where the effect of substrate bias voltage was studied, a negative dc bias applied
to the substrate.

For film deposition by HiPIMS discharge, the power was supplied by a SPIK1000A
pulse unit (Melec GmbH) operating in the unipolar negative mode at constant pulse
voltage, which in turn was charged by a dc power supply (ADL GS30). The discharge
current and voltage was monitored using a combined current transformer and a voltage
divider unit (Melec GmbH) and the data were recorded with a the data were recorded
with a custom-made LabVIEW program. The pulse length was 200 us and the pulse
repetition frequency was 100 Hz. For dcMS operation, a dc power supply (MDX 1 K,
Advanced Energy) was connected to the magnetron.

The results presented in papers I, IT and IV are extracted from thin films which were
deposited using above mentioned apparatuses.
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4.1.2 lonized flux measurement

To measure ionized flux fraction Fg,x and deposition rate at various magnetic field
configurations, a custom-built cylindrical vacuum chamber (height 50 cm and diameter
45 cm) made of stainless steel, located at the Laboratoire de Physique des Gaz et
Plasmas—LPGP, Université Paris-Sud, Orsay, France, was used. A base pressure of
4 % 107° Pa was achieved using a turbo molecular pump backed by a roughing pump.
The working gas pressure was adjusted to 1 Pa by injecting 50 sccm Ar gas into the
chamber and adjusting a butterfly valve located between chamber and turbo pump.
The deposition system was equipped with a circular 4 inch (10.16 cm) Ti target. The
magnetron assembly, as well as a probe holder used during measurements, was mounted
on movable bellows controlled with millimeter precision, as seen in Figure 4.9. A dc
power supply (SR1.5-N-1500, Technix, Créteil, France) and a HiPIMS power supply
(HiPSTER 1, Ionautics, Link6éping, Sweden) were used to ignite the discharge in dc
and HiPIMS operation, respectively. For both cases, an average discharge power was
maintained at 300 W. The HiPIMS pulse was always kept at a constant length of 100 us
and the discharge was regulated in two different ways. The first mode of operation
is referred to as fixed voltage mode, and was realized by keeping the cathode voltage
fixed during the pulse at -625 V and varying the pulse frequency to achieve the desired
average power. The second operating mode is referred to as fixed peak current mode
and was realized by changing the cathode voltage to maintain the peak discharge current
at Ip peak = 40 A, corresponding to current density Jp peak = 0.5 Alem?.

Magnetron assembly
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Figure 4.9. Schematic of the magnetron sputtering chamber. The magnetron assembly
and the probe holder with the m-QCM are mounted on movable bellows that can be

controlled with millimeter precision. The red arrows indicate linear motion. From
Hajihoseini et al. (2019D).
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4. Sputtering instruments and plasma characterization

4.2 Magnet assembly

4.2.1 Thin film deposition

To investigate the effect of magnetic field on the film properties, two magnets with
different strength were used. Both magnets are 3 inches in diameter and were purchased
from Angstrom Science. We determine the total magnetic flux of center and ring
magnets (North and South poles). The method allows us to illustrate the balance and
unbalance property of the magnets in a quantitative way. To this end, magnetic flux
density (MDF) was measured at different points of the magnets (close to the surface) to
achieve an average MDF over each magnet. Then the magnetic flux density is multiplied
by the cross-section area of the magnets to achieve the total magnetic flux. By comparing
the magnetic field strength of the two poles, it is easy to determine how unbalanced the
magnetron is. Table 4.1 summarizes measured and calculated specifications of the two
magnets. The magnetic fields were measured in a bench measurement by a Hall probe
over the center of the race track. For the strong magnet, the average out of plane and
in plane magnetic field are 18 and 93 mT, respectively, and for the weak magnet those
are 4 mT and 36 mT, respectively. Moreover, the imbalance coefficient K is calculated
as the ratio of the magnetic fluxes of the center magnet and the outer magnetic ring.
Thus a magnetron is balanced if K = 1. The geometrical imbalance coefficient Kg is the
ratio of the distance between the magnetic zero of the magnetron (the point along the
middle axis where B | changes its orientation, i.e. B} = 0) and the target surface, and
the diameter of the erosion groove on the target (Alami et al., 2015). The cross-section
scheme of the magnet assembly is shown in Fig. 4.10. Details on calculations and
definitions of the two coefficients can be found in the work of Svadkovski et al. (2002).

Table 4.1. Measured and calculated specifications of the two magnets which were used
for the thin film deposition of vanadium and vanadium nitride. Both magnets are 3
inches in diameter. Ring thickness refers to the difference between the inner and outer
diameters of the ring magnet. From Hajihoseini and Gudmundsson (2017).

Magnet Center Ring MED of MEFD of magnetic flux ~ magnetic flux K K
diameter  thickness center Ring of center of Ring
[mm] [mm] (average) (average) (total) (total)
Weak 14 10 0.322T 0314T 49 uWb 690 uWb 0.07 1
Strong 30 8 0.396 T 0.367 T 279 uWb 664 LWb 042 29

4.2.2 lonized flux measurement

For the sake of ionized flux fraction measurement, the deposition system was equipped
with a circular 4 inch. VTec Magnetron (Gencoa, UK). The magnetron assembly, as
well as a probe holder used during measurements, were mounted on movable bellows
controlled with millimeter precision. This made it possible to perform radial as well
as axial scans with high precision. It is possible to vary the absolute magnetic field
strength |B| as well as the geometry of the magnetic field (degree of balancing) above
the magnetron target by displacing the center magnet (C) and the outer ring magnet
at the target edge (E) using two micrometer screws located on the outer side of the
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Figure 4.10. The cross-section scheme of the planar magnetron which was used for the
film deposition .

magnetron. We refer to each configuration using the displaced distance (in mm) of
each magnet from the target backing plate with the notation CxEy. Thus, the notation
COEQ refers to a magnetron configuration where the center and outer magnets touch the
backing plate (zero displacement, i.e., the strongest magnetic field above the target).
In paper III and paper V, we investigated seven different magnetron configurations:
COEO, CSES and C10E10, COES, COE10, C5EO, and C10EOQ. For all of these config-
urations the magnetic field above the target was mapped out using a Lake Shore 425
Gauss meter (Lake Shore Cryotronics, USA) equipped with a Hall probe. The magnetic
field distribution above the target for each configuration is shown in Figure 4.11. Axial
symmetry was assumed. The magnetic null point for the different cases is located at
43 — 74 mm and shown in Fig. 4.12 (b), which determines the ability of the electrons
to escape from the magnetic trap and is a measure of the degree of balancing. For the
configurations investigated, it is seen that a null point is always present and located
fairly close to the target surface, which means that all the configurations are categorized
as unbalanced type II (Window and Savvides, 1986). Note however, that the case COE10
is only weakly unbalanced, i.e. close to being balanced (zpu;; = 74 mm), whereas C10EQ
is strongly unbalanced (z;,; = 43 mm). Table 4.2 summaries the magnetic field strength
at the race track and null point position for the seven investigated magnet configurations.

4.3 lonized flux fraction measurement

The IPVD technique has been proven to be able to improve the quality of thin films
deposited and to facilitate uniform coating of objects with complex shapes. The presence
of ionized sputtered material is the main reason for this improvement. Thus, there have
been intensive attempts to increase the fraction of ionized material which raised the need
for a reliable technique to measure the ionization fraction of the flux to the substrate.
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4. Sputtering instruments and plasma characterization
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Figure 4.11. The measured magnetic field (flux density B) and field line directions for
the seven magnetic field configurations using 4 inch. VIec Magnetron. Normalized
arrows indicate the magnetic field direction, the color scale indicates the magnitude of
magnetic field |B| = \/B2 + B2. From Hajihoseini et al. (2019b).
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Table 4.2. The measured magnetic field strength at race track B, and magnetic null
point position zny for the seven investigated magnetic field configurations using
4 inch. VTec Magnetron. From Hajihoseini et al. (2019D).

Magnet By Znull
configuration [Gauss] [mm]
COEO 238 66
C5ES 161 59
CI10E10 111 52
C5E0 181 53
C10EO 137 43
COE5S 217 70
COE10 213 74
g0 FEE e P A A
= Of
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COE0 COES COE10 CSE0 CSES CI10E0 C10E10
Magnetic configuration

Figure 4.12. (a) Ip peax for HiPIMS discharge operated in fixed voltage mode, and (b)
degree of magnetic unbalance quantified by zou1. The dashed lines are drawn to
highlight a saw-tooth pattern which is discussed in the text. The magnet configurations
are sorted based one magnetic field strength from left to right i. e. the COEO produced
the strongest and C10E10 produced the weakest magnetic field at the race track. From
Hajihoseini et al. (2020).
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4. Sputtering instruments and plasma characterization

An experiment by Yamashita (1989) used a control mesh grid which was biased
to repel ionized metal. He placed the control mesh grid directly above the sample
holder. By comparing the deposition between a sample with metal ions admitted and a
sample with metal ions repelled, the ionization fraction in the discharge was determined.
Rossnagel and Hopwood (1993) used a gridded quartz crystal micro-balance (g-QCM)
to determine the ionized metal fraction in a dc magnetron sputtering system assisted
by a rf inductively coupled plasma. The g-QCM can measure the deposition rate from
both ions and neutrals separately by changing the bias voltages applied to the grids. The
setup was capable of fast and spatially resolved determination of the ionized fraction
to the substrate. Since then, a few researchers have improved the g-QCM setup and
employed it to various systems. Green et al. (1997) enhanced the reliability of the
instrument at low plasma densities and incorporated it in measurement of ionized Al
flux fraction. Wu et al. (2010) employed the same setup to analyze a hollow cathode
magnetron deposition of Cu. Later on, Poolcharuansin et al. (2012) reported ionized
flux fraction in the range of 30 to 50 % in HiPIMS deposition of Ti by using a g-QCM
instrument.

Insuﬁ' \\ / -

1kQ

QCM R
Crystal readout _L

Figure 4.13. Gridless QCM analyzer. Magnetic field repels the electrons, which
prevents the electrons from reaching the biased top QCM electrode. Reprinted from
Kubart et al. (2014), with permission from Elsevier.

In papers IIT and VI of this study a gridless m-QCM is employed as an ion meter
to measure the axial and sideways ionized flux fraction in HiPIMS discharge with Ti
target. The design inspired by a modified Katsumata probe (Cada et al., 2013). Kubart
et al. (2014) used this design for investigation of ionized metal flux fraction in HIPIMS
discharges with Ni and Ti (pure and reactive) targets. More recently, Lundin et al.
(2015) used gridless ion meter to study ionized flux fraction of HiPIMS discharges
with Al, Ti and C targets. As can be seen in Fig. 4.13, in this design cylindrical SmCo
magnets with a diameter of 8§ mm and length of 5 mm are placed in front of the QCM in
order to prevent electrons from bombarding the crystal. This configuration produces
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localized homogeneous magnetic field of about 0.4 T, which did not influence the
magnetron magnetic field inside the magnetic trap. The QCM control unit with the
oscillator was connected directly to the crystal electrode. The electrode was grounded
for measurements of both ions and neutrals, or biased to +40 V to collect only the
neutrals and repel positive ions. The dc bias voltage was connected to the QCM
collecting electrode through a 1 kQ resistor, to protect the crystal in case of arcing, and
the ground of the oscillator and the readout unit were connected to the crystal collecting
electrode through a 150 nF capacitor such that dc current was blocked while rf current
could flow from the crystal through this capacitor back to the ground of the oscillator
and give a readout. In this configuration, the top crystal electrode could be readily
biased without any influence on the QCM operation. The ionized fraction of the metal

flux can be calculated from
Rt - Rn

Ry

where R; is the total mass deposition rate and R;, is the mass deposition rate of neutrals.
To minimize errors that originate from QCM crystal heating during the process, the
recording time was kept short, typically less than 120 s. The total error of Fy,x was
estimated to be less than 15% for a single result mainly based on the accuracy of the
mass deposition rate determination. No significant collimation of the ions is expected
at this stage since the QCM electrode is grounded during the measurement of the total
deposition rate and plasma potential is typically around 2 — 4 V (Green et al., 1997).
The ion meter was mounted on the probe holder shown in Fig. 4.9 and could thereby
map out the same region of interest as the standard QCM. However, due to interference
with the plasma discharge, it was not possible to move it closer than z < 30 mm.

The described gridless ion meter was used to measure ionized flux fraction in papers
IIT and V. The results are reused in paper VI to determine optimized magnetic field.

; 3)

Fhux =
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5 Material characterization techniques

Here a brief overview of characterization techniques employed for structural inves-
tigation, surface analysis, and electrical measurements of the sputtered thin films is
given.

5.1 X-ray diffraction

In the current study, X-ray reflectometry was applied to determine the layer thickness,
film mass density and surface roughness. Structural properties of the deposited thin
films were studied by grazing incidence X-ray diffractometry (GIXRD). Complimentary
structural investigation was performed by X-ray pole scan to determine the preferred
crystal orientation of the VN films deposited under various substrate bias voltage.

5.1.1 Principle of X-ray diffraction

For the first time, Laue (1912) found that crystalline materials behave as three-dimensional
diffraction gratings for a X-ray beam. X-ray diffraction (XRD) is based on constructive
interference of monochromatic X-rays in a crystalline sample (Birkholz (2006); Wid-
jonarko (2016)). The X-rays signal originates in elastic scattering of monochromatic
X-ray by core electrons of atoms in a sample. The regularly spaced atoms in a crystal
lattice diffract the X-rays which leads to production of the well-known XRD patterns,
similar to diffraction of visible light by gratings. The principle is based on that an
electron in an alternating electromagnetic field will oscillate at the same frequency as
that of the field. Thus, when an X-ray beam hits an atom, the electrons around the atom
start to oscillate with the same frequency as the incoming beam. Almost in all directions,
we will have destructive interference which is due to combining out of phase waves.
As aresult, there will be no energy leaving the solid sample (Widjonarko (2016)). Fig.
5.14 schematically illustrates constructive and destructive interferences. The atoms
in a crystalline form are arranged in a regular pattern, and as a result we will have
constructive interference (Fig. 5.14 (a)). This implies that the waves will be in phase
and there will be well defined X-ray beams leaving the sample in various directions
(Birkholz (2006)). Thus, a diffracted beam can be described as a beam composed of a
large number of scattered rays mutually reinforcing each other. However, the intensities
of obtained peaks are determined by the distribution of the electrons in the unit cell
because the electron density is the highest around an atom. The intensities depend on
the type of atom and their location in the unit cell. Plane waves going through high
electron density areas will reflect strongly, whereas, plane waves passing through low
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electron density will give weak intensities.

(b)

Figure 5.14. Different angles of the diffracted waves exhibit (a) constructive and (b)
destructive interference, depending on the path difference. From Murphy (2014).

By scanning the sample through a range of 26 angles, all possible diffraction
directions of the lattice should be attained. For constructive interference, XRD signal is
known to mathematically follow Bragg’s Law

2dsin(0) = ni “)

Where, d is the separation between the Bragg planes, 0 is the Bragg angle, n is the
diffraction order, and A is the X-ray wavelength. Since each material has a set of unique
d-spacing, conversion of the diffraction peaks to d-spacing allows to chemical identity
of the sample. Typically, this is achieved by comparing the experimentally obtained
results with d-spacing from standard reference patterns.

5.1.2 X-ray Reflectometry (XRR)

X-ray reflectivity is a technique based on specular reflection of X-rays from surfaces
and interfaces. The reflection is based on the different electron densities of the layers.
The method can be used to determine thin film thickness, density, surface roughness,
and multilayer structures in a glancing angle @/26 configuration, where the incident
and reflected angle are equal (w = 0). Below the critical angle 6., the incident beam
undergoes total external reflection. For 8 > 6, the reflected intensity starts to fall due to
absorption in the material. A double critical angle can be observed if the film is less
dense than the substrate (Ferrari et al., 2000). In this case the X-rays first penetrate
the film when the incident angle exceeds the film critical angle and are reflected at the
film—substrate interface. Above 0, the reflections from different interfaces interfere and
give rise to interference fringes. The period of the fringes along with the fall in intensity
can be used to determine the thickness and roughness of the layers (Gibson, 2011). For
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5. Material characterization techniques

a mono-layer film, the film thickness can be obtained from

. n%-1
nAZZZsme ]+72, (5)
sin” 0

where n is an integer, A is the wavelength of incident X-rays, 7 is the film thickness,
and 7 is the film’s complex refractive index. To assess properties such as density and
surface roughness, the recorded data can be iteratively fitted with a suitable theoretical
model of the sample, if the film composition is known (Gibson, 2011).

In this study thickness, surface roughness and mass density of deposited films were
determined by low-angle XRR measurements with an angular resolution of 0.005°.
The experimental data were fitted using the PANalytical X Pert Reflectivity software
incorporating the Parrat formalism (Parratt, 1954). A low density surface layer on top
of the film had to be included in the model in order to achieve a good fit. This is due to
a formation of oxide or oxynitride surface layer after the films were removed from the
vacuum chamber (Ingason et al., 2009). Figure 5.15 shows measured XRR curves and
corresponding simulated data for Ni thin films deposited by dcMS and HiPIMS under
0° and 70° tilt angles.

HiPIMS (0°) 1

Intensity

deMS (0°)

HiPIMS (70°)

deMS (70°)1

Figure 5.15. The measured (red solid) and simulated (blue dot) XRR data of HiPIMS
and dcMS deposited Ni films under 0° and 70° tilt angles. The patterns are shifted to
avoid overlapping. From Hajihoseini et al. (2019a).
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5.1.3 Grazing incidence X-ray diffraction (GIXRD)

The penetration depth of X-rays are found to be in the range of 10 — 100 ym. This
is corresponding to the 1/u value, where y, is the absorption coefficient. However,
in most thin-film studies the film thickness is remarkably smaller which causes a
significant fraction of the diffraction pattern to originate from the substrate rather than
the deposited thin film structure (Birkholz, 2006). In other word, when film thickness is
in the few nanometer range, negligible information from structural properties can be
gained using symmetric 0 : 20 configuration. This is due to the short path traveled by
the X-ray in the sample, which is not long enough for typical Bragg angles to deliver
sufficient X-ray reflections and leads to unacceptable signal-to-noise ratio. In such
cases, a complementary X-ray diffraction technique have been introduced as discussed
by Widjonarko (2016), for which the primary beam enters the sample at very small
angles of incidence and hence named as grazing incidence X-ray diffraction (GIXRD).
This small angle of incidence leads to a significant increase in the path traveled by the
X-rays and the structural information contained in the diffractogram to come primarily
from the thin film.

As can be seen in Fig. 5.16, the GIXRD configuration is asymmetric and the angle
between the incoming beam and the sample surface is very small. This angle is often
denoted by a. The GIXRD measurement is performed when « is kept constant, while
the detector is moved along the 20 circle. This is the main difference compared to
the symmetric configuration where the entrance angle 0 is also changed during the
measurement (Birkholz, 2006; Widjonarko, 2016).

Detector

Scattering plane

X-ray
source

Figure 5.16. The geometry in grazing incidence diffraction is characterized by a small
angle o that is kept constant during the measurement. From Birkholz (2019).

In papers I, I and IV GIXRD analysis were carried out to determine the structural
properties of vanadium, VN, and Ni thin films. The analysis was performed using a
Philips X pert diffractometer (Cu K, wavelength 0.15406 nm) mounted with a hybrid
monochromator/mirror on the incident side and a 0.27° collimator on the diffracted side.
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5. Material characterization techniques

A line focus was used with a beam width of approximately 1 mm. The GIXRD scans
were carried out with the incident beam at o¢ = 1°.

5.1.4 X-ray pole figure

Control over crystal orientation and the degree of preferred orientation is crucial in thin
film deposition due to its effect on the functional properties of the thin films.

Historically, a combination of the Electron Back Scatter Diffraction (EBSD) and
the Scanning Electron Microscope (SEM) has been used for determining crystal ori-
entation and distribution in the field of material science. However, nowadays many
X-ray diffraction machines are capable of doing more complex measurements such as
determining the pole figure. Pole figure by X-ray diffraction has two advantages over
EBSD and SEM. Firstly, it allows the texture analysis of samples with larger area, and
secondly, the measurement can be performed at ambient condition or even at controlled
temperature environment.

Pole figure measurement is based on the XRD technique. In this method diffracted
intensity is collected when the diffraction angle (20) is fixed while two other geometrical
parameters, & and f3, are being varied. a () is deviation from sample surface normal
direction and 8 (¢) is rotation angle around sample surface normal direction (Mahieu
et al., 2006). Generally, the center and the outer end of the pole figure are defined as
a =0° and a = 90°, respectively. At oc = 0° the lattice plane normal is parallel to the
sample surface and thus o = 0° means the lattice plane normal is perpendicular to the
sample.  indicates the rotation angle around the sample surface normal and starts at the
top the figure and is circularly coordinated with a counter clockwise rotation. Hereby, 9
o’clock and 3 o’clock are defined as 8 = 90° and § = 270°, respectively. (Fig. 5.17).

The variation in intensity at fixed  along a varying « is due to the tilting motion.
On the other hand, twisting motion corresponds to the intensity variation along varying
B at a fixed o (Nagao and Kagami, 2011). The latter configuration is often used for the
in-homogeneity analysis. For an accurate quantitative analysis such as for determining
the degree of preferred orientation, the intensity needs to be normalized using the data
obtained from a reference sample with randomly oriented crystallites.

In this study the pole figure measurement was carried out to explore the texture
of vanadium nitride thin films deposited under various substrate bias, as discussed in
paper IL. Briefly, a pole scan was performed for a specific d-spacing, i.e. a fixed 0 —26
peak while the specimen is rotated in-plane (¢) at different out-of-plane (y) angles.
Normally, a single pole scan is not enough to fully determine the orientation distribution
within a specimen. Thus, pole figures were obtained for the (111), (200) and (220)
planes at corresponding peaks. However, since our films are polycrystalline the main
focus of the present study is on the pole figure for the (111) and (200) planes. The pole
scans were performed at 20 peaks of 37.611°, 43.697° and 63.533° for each sample
using 0.25° slit and 90° and 360° rotation respectively for y and ¢ with a step size 3°
and 4 s counting time at each step. The pole figures of a bare substrate were subtracted
from original pole figures of the films for clarity. Fig. 5.18 illustrates pole figures of the
(111) and (200) planes of VN films deposited at -50 V substrate bias voltage.

33



90

™
1

B =270

B =180

Figure 5.17. o and B of pole figure measurement. Reprinted from (Nagao and Kagami,
2011).

Figure 5.18. Pole figures of (a) (111) and (b) (200) planes for VN films which were
deposited by HiPIMS at -50 V substrate bias voltage. Reprinted from Hajihoseini et al.
(2018) with permission from Elsevier.
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5. Material characterization techniques

5.2 Atomic force microscopy (AFM)

AFM is part of a microscopy method group called scanning probe microscopy (SPM),
which is used to map the topography and to study the properties of material on a nano-
scale. AFM was first invented at IBM Zurich by Binnig et al. (1986), based on the
principle of scanning tunneling microscope (STM) which was invented in 1981. But
unlike STM, which is limited to conducting samples, an AFM can also be used for
characterization insulating samples. In AFM the probing tip is a spring like cantilever
with one end fixed and the other end having tip that interacts with the sample surface
(Binnig et al., 1987). The tip that is attached to the free end of the cantilever comes in
contact or close proximity of the sample surface. Thus attractive or repulsive forces
as a result of interactions between the tip and the surface, cause either a negative or
positive bending of the cantilever (Jagtap and Ambre, 2006) which can be translated to
topographic information of the sample.

The force between tip and sample can be measured using the deflection of the
cantilever. The cantilever behaves as a spring and its deflection is proportional to the
force between tip and sample surface. The force can be determined by measuring the
bending of the cantilever if the spring constant of the cantilever k is known. Hooke’s
law gives

F =—kz, (6)

where F' is the force and z is the distance the cantilever spring is bent relative to its
equilibrium position without the sample present. The deflection of the lever is measured
using a laser beam reflected from the back of the cantilever into a split photo diode as
shown in Fig. 5.19.

Split photodiode
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Figure 5.19. A schematic of the atomic force microscopy operation. From Voigtlinder
(2015).
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An AFM system can be operated in two modes based on the tip-sample situation.

Static mode (contact mode)

In the static mode, the surface contour is mapped while the tip-sample distance
is kept constant. For this aim, the corresponding changes in the z-position, which is
required to maintain a constant tip-sample distance (i.e. constant force), correspond
to the topography of the sample. The operating mode is called contact mode if the
measurement is performed in the repulsive regime of the force-distance curve since the
last atoms of the tip are in direct contact with the surface atoms (Voigtlander, 2015,
Chapter 1).

Dynamic mode (non-contact mode)

In the dynamic mode, the cantilever vibrates close to its free resonance frequency
during scanning the surface. When the AFM tip approaches the surface, the interaction
between the tip and sample changes the resonance frequency of the cantilever. The tip-
sample force can be expressed by a second spring behaving in addition to the cantilever
spring. This additional spring changes the resonance frequency of the cantilever and
thereby changes the cantilever amplitude. The change of amplitude can be used as a
scheme of force detection and can be used as the feedback signal for regulating the
tip-sample distance (Voigtlander, 2015, Chapter 1).

In this study, an AFM is utilized to explore the surface topography of VN films in
Paper I (contact mode) as well as for thickness measurement of Ni thin film in Paper
IV (non-contact mode). The employed AFM machine is a Park System, PSIA XE-100,
mounted over Table Stable, TS-155 and utilizes a Light Bank LS-F100HS for live
imaging. The software used to examine the topographic images is a XEP 1.8.0 Data
Acquisition Program and Gwyddion (32-bit) software.

5.3 Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) is an instrument that creates magnified images
which reveal microscopic-scale information on the size, shape, composition, crystallog-
raphy, and other physical and chemical properties of a specimen. The principle of the
SEM was developed theoretically by Knoll (1935) and Knoll and Theile (1939) with the
first true SEM being developed by Von Ardenne (1938). The basic operating principle
of the SEM involves the creation of a finely focused beam of energetic electrons by
means of emission from an electron source. The energy of the electrons in this beam, is
typically selected in the range from 0.1 to 30 keV. After acceleration to high energy, the
electron beam is modified by series of apertures, magnetic and electrostatic lenses, and
electromagnetic coils in order to reduce the beam diameter. The basic construction of
the SEM is shown in Fig. 5.20. The beam has to be scanned in a raster (x-y) pattern
at a series of closely spaced but discrete locations on the sample. At each location in
the scan pattern, the interaction of the electron beam with the specimen produces two
out going electron products, backscattered electrons (BSEs), and secondary electrons
(SEs). These outgoing electron signals are measured at each beam location using one
or more electron detectors, a SE detector which is sensitive to both SEs and BSEs
and a BSE detector that is insensitive to SEs. The measured signal at each individual
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raster scan location on the sample is digitized and recorded into computer memory,
and is subsequently used to determine the gray level at the corresponding location of a
computer display screen, forming a single pixel.
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Figure 5.20. Basic construction of SEM. From Marturi (2013).

Secondary-Electron Images

Any energy lost by a primary electron beam must appear as a gain in energy of the
atomic electrons that are responsible for the inelastic scattering. If these electrons are
valence or conduction electrons weakly bound to atomic nuclei, only a small part of
this acquired energy will be used to release them from the confinement of a particular
atom. The rest will be retained as kinetic energy, allowing the ejected electrons to travel
through the solid as SEs. Those SEs which are created close enough to the surface may
escape into the vacuum. On average, the escaping secondaries are generated only within
2 nm below the surface, which is called the escape depth. As a result, the SE image is
mainly a property of the surface topography of the specimen rather than any underlying
structure.

Backscattered-Electron Images

A backscattered electron (BSE) is a primary electron that has been ejected from
a solid by scattering angle greater than 90°. Because elastic scattering involves only
a small energy exchange, most BSEs escape from the sample with energies close to
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the primary-beam energy. The secondary and backscattered electrons can therefore be
distinguished on the basis of their kinetic energy. Fig 5.21 shows the energy distribution
of the electrons emitted from a specimen. Since the cross-section for high-angle elastic
scattering is proportional to Z%, we can expect strong atomic-number contrast in a
SEM images that used BSEs as signal for imaging. In practice the fraction of primary
electrons that escape as BSE increases with atomic number. In general, BSE images
show contrast due to variations in chemical composition of a specimen, whereas SE
images reflect mainly its surface topography. In the case of a BSE image, the depth
from which the information originates is significantly larger than from a SE image. For
electron beam energies above 3 kV, this depth is on the order of hundreds of nm which
is considerably larger than the SE escape depth which is shorter than 2 nm (Egerton,
2016, Chapter 5).
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Figure 5.21. Energy distribution of electrons emitted from the SEM specimen. From
Egerton (2016, Chapter 5).

Electron beam size

The electron current can affect the quality of an image drastically and needs to
be optimized depending on the specimen properties. A small beam diameter can be
selected for high spatial resolution imaging, with extremely fine scale detail. However, a
negative consequence of choosing a small beam size is that the beam current is reduced
as the inverse square of the beam diameter. Low beam current means that visibility
is compromised for features that produce weak contrast. On the other hand, a high
beam current improves visibility of low contrast objects. For any combination of beam
current, pixel dwell time, and detector efficiency there is always a threshold contrast
below which features of the specimen will not be visible. This threshold contrast
depends on the relative size and shape of the feature of interest. The visibility of large
objects and extended linear objects persists when small objects have dropped below
the visibility threshold. This threshold can only be lowered by increasing the beam
current, pixel dwell time, and detector efficiency. Selecting higher beam current means
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a larger beam size, causing resolution to deteriorate. Thus, there is a dynamic contest
between resolution and visibility leading to inevitable limitations on feature size and
feature visibility that can be achieved (Goldstein et al., 2018, Chapter 8).

Two SEM machines were employed to explore the thin film properties. In Paper I,
the surface and cross section features of the vanadium nitride films were studied using
a FEI Nova 200 dual beam machine, focused ion beam-scanning electron microscope
systems (FIB-SEM). The acceleration voltage of the electron and ion beam were set
to 10 and 30 kV, respectively. The FIB was applied to prepare the samples in order to
take cross sectional SEM images. The working distance was kept at 5 mm for all the
images presented. In Paper IV, the cross section of the Ni films were studied using a
Leo Supra 25 scanning electron microscope. For this purpose the acceleration voltage
of the electron beam was set to 20 kV and the working distance was kept at 3.5 mm.

5.4 Electron Micro-Probe (EMP)

The first electron micro-probe analyzer (EMP) was developed in the early 1950s by
Castaing (1952) at the University of Paris, France. The instrument excites X-rays
from a small region in the range of a few micrometers on a sample using a focused
electron beam. The wavelength distribution of the excited X-rays is analyzed by crystal-
diffraction spectrometers. Elemental composition can then be identified using Moseley’s
law which uniquely relates the wavelength of each observed spectral line to a specific
element through the relationship

1/A =k(Z—0)'/? )

where A is the X-ray wavelength, & is a constant for each spectral-line series, Z is the
atomic number of the element which emitted X-rays, and o is a constant correlated with
the atomic screening effects. In order to perform quantitative analysis, a standard sample
is needed. This is done by converting measured X-ray line intensities, normalized by
pure elemental-standard intensities, to compositions using a variety of reasonably well-
developed fundamental parameter quantitation schemes. Samples for EMP analysis are
normally solid with smooth surface. The desired regions to be analyzed are selected by
using a light microscope placed co-axially with the electron optical system. In addition,
majority of EMPs come with secondary-electron detectors, electron-deflection systems,
and cathode ray tube (CRT) displays which allow them to be operated as a SEM. This
feature makes it possible to obtain elemental distribution information in one dimension
(line scans) or in two dimensions (distribution maps) (Lifshin, 2001).

In Paper II of this study, EMP was performed using the JEOL JXA-8230 Super-
probe. For all analyses an electron beam with the accelerating voltage of 15 keV and
and the beam current of 10 nA and the spot size of 10 um were utilized. A VN film
was used as a standard for nitrogen. For nitrogen, the counting time was 480 s on the
peak and 120 s for each of the lower and higher backgrounds. To minimize the noise
effect, an average of 5 measurement points on each sample is reported.
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5.5 Four-point probe resistivity measurement

The specific electrical resistance or resistivity p of a solid is used to classify metals,
semiconductors and insulators. This quantity is extremely important and is widely used
for the characterization of materials as well as sophisticated device structures, since
it influences the series resistance, capacitance, threshold voltage and other essential
parameters of many devices, e.g. diodes, light emitting diodes (LEDs) and transistors
(Sze and Ng, 2006).

Precise measurement of the resistance is closely related to other metrological units.
In general, when an electric field E is applied to a material it causes an electric current.
In the diffusive transport regime, the resistivity p of the isotropic material is defined by
the ratio of the electric field and the current density J:

p=E/J, (®)

Thereby, the resistivity of the material is measured in Qcm, the electric field in
V/cm and the current density in A cm~2. Experimentally, a resistance R is deduced
from the ratio of an applied voltage V and the current /. Only when the geometry of the
set-up is well-known can the resistivity be accurately calculated.

ré,h

Figure 5.22. Schematic of the four-point probe configuration for measuring sheet
resistivity.

The most common technique used to measure resistivity in semiconductors or thin
films is the four-point probe method. The set-up consists of four-point collinear probes,
where a constant current is applied in the two outer probes and the voltage drop is
measured in the inner probes as demonstrated in Fig. 5.22. Then, the sheet resistivity is
given by

O'ZCFX%, ©))

where CF is the correction factor based on the ratio of the probe to wafer diameter and
on the ratio of wafer thickness to probe separation. If the spacing between the probe
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points is constant, and the conducting film thickness is less than 40 % of the spacing,
and distance from any probe to the nearest boundary is more than 4 times the spacing
distance from the measurement point, the sheet resistance is given by

T |V
=—X— 10
CTm T (10
The thickness of the film ¢ and its resistivity are related to ¢ by
p=0Xxt (11)

Therefore, if the thickness of a film is known the resistivity can be calculated (Miccoli
et al., 2015).

In Paper II, the electrical resistivity of the VN films was measured using a linear
four-point probe station with a tip diameter of 200 um and a probe distance of 1 mm.
Voltage-current waveforms were recorded through a Kiethley 2400 source meter and
custom made Labview software. The current was swept from -100 mA to 100 mA and
the corresponding voltage was recorded. To minimize the error arising from placement
of the probes the resistivity was averaged over four separate measurements on each
sample.
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6 Summary of papers

Paper I: Vanadium and vanadium nitride thin films grown by high power impulse
magnetron sputtering

We demonstrate the growth of vanadium and vanadium nitride thin films by non-
reactive and reactive HiPIMS, respectively, while varying the magnetic field strength.
We see that mixture of 5 sccm N, and 40 scem Ar is sufficient to grow 6-VN polycrys-
talline films as can be seen in diffractogram of Fig 6.23. We explored the influence of
the stationary magnetic confinement field strength on the film properties and the process
parameters. The deposition rate is found to be much lower for non-reactive sputtering
by HiPIMS than for dcMS. Furthermore, for both dcMS and HiPIMS the deposition
rate is lower for strong magnetic confinement.
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Figure 6.23. GiXRD pattern from vanadium nitride films which were grown by HiPIMS
at different nitrogen flow rates with weak confinement magnet, at 0.9 Pa, 150 W average
power, pulse length 200 Ws and repetition frequency of 100 Hz. The GiXRD patterns
are shifted to aid peak identification. From Hajihoseini and Gudmundsson (2017).

Structural characterization was carried out using X-ray diffraction and reflection

methods as well as AFM and SEM. Both dcMS and HiPIMS deposited vanadium films
are polycrystalline with similar grain size regardless of magnetic field strength. For
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dcMS deposited vanadium films the surface roughness is higher when we use a strong
magnetic field. For both non-reactive growth of vanadium and reactive growth of vana-
dium nitride the HiPIMS process produces denser films with lower surface roughness
than dcMS does. Lowering the magnetic field strength increases the deposition rate sig-
nificantly for reactive HiPIMS while it increases only slightly in the reactive dcMS case.
The films deposited by HiPIMS with strong magnetic confinement exhibit higher density
and lower surface roughness. We find that the operating pressure, growth temperature,
cathode voltage and film thickness has influence on the properties of HiPIMS deposited
vanadium nitride films. The films are denser when grown at high substrate temperature
and high cathode voltage and low pressure such as < 1 Pa. The mass density of those
films are inversely proportional to its thickness and thicker films consist of larger grain
size. In all conditions, higher density coincides with lower surface roughness. Thus, the
deposition method, the magnetic field strength, growth temperature, cathode voltage,
film thickness and growth pressure have a significant influence on the film quality and
structural properties, including the grain size for the various orientations.
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Paper II: Effect of substrate bias on properties of HIPIMS deposited vanadium
nitride films

We explored the effect of substrate bias on the structure, texture, composition and
electrical resistivity of HiPIMS deposited VN films. The optimum substrate bias is
found to be -50 V, which gives the highest film density, the lowest electrical resistivity,
and the lowest surface roughness at the highest deposition rate as demonstrated in
Fig 6.24. We demonstrate how increasing the substrate bias voltage leads to a highly
textured film. The preferred orientation of the film changes from (111) to (200) as
the substrate bias voltage is increased. An X-ray pole scan shows that the (111) plane
grows parallel to the SiO, substrate when the substrate is grounded while it is gradually
replaced by the (200) plane as the substrate bias voltage is increased up to -200 V. The
lowest electrical resistivity is measured as 48.4 uQcm for the VN film deposited under
substrate bias of -50 V. This is among the lowest room temperature resistivity values that
have been reported for a VN film. We found that the nitrogen concentration presents a
decline by 6.5 percentage points as the substrate bias is changed from ground to -200 V.
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Figure 6.24. (a) Film mass density, (b) deposition rate, and (c) surface roughness of
vanadium nitride films deposited as a function of substrate bias voltage. Data extracted
Jfrom XRR measurement and all films are deposited at 0.9 Pa, 250 W average power,
pulse length of 200 s and repetition frequency of 100 Hz. Reprinted from Hajihoseini
et al. (2018), with permission from Elsevier.
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Paper III: The effect of magnetic field strength and geometry on the deposition
rate and ionized flux fraction in the HiPIMS discharge

The effect of the magnetic confinement on the deposition rate and the ionized flux
fraction was explored for both dcMS and HiPIMS deposition from a Ti target. The
HiPIMS discharge was run in two operating modes. The first one we refer to as *fixed
pulse voltage mode’ where the cathode voltage is kept fixed during the pulse at -625 V.
The second mode we refer to as ’fixed peak current mode’ is carried out by adjusting
the cathode voltage maintain the peak discharge current at 40 A. In both modes, the
pulse repetition frequency is varied to achieve the desired time average power (300 W).
Our results show that the dcMS deposition rate is barely sensitive to |B| variations while
the deposition rate during HiPIMS operated in fixed voltage mode changes from 30 %
to 90 % of the dcMS deposition rate. However, when operating the HiPIMS discharge
in fixed peak current mode the deposition rate is almost independent of |B| while it is
sensitive to the degree of balancing. In fixed voltage mode, the higher the deposition
rate, the lower the F,x. In the fixed current mode, although the same deposition rate,
the weaker |B| strength results in a higher Fyyx which can be seen in Fig 6.25.
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Figure 6.25. The Ti ionized flux faction in a HiPIMS discharge using various magnet
configurations. The values measured at 7 cm axial distance over center of the cathode.
From Hajihoseini et al. (2019D).

Thickness uniformity measurements illustrate that the dcMS deposition rate is hardly
sensitive to |B| while both HiPIMS modes are highly sensitive to |B|. The HiPIMS
deposition rate uniformity can be 10 % lower up to 10 % higher than the dcMS rate
depending on |B|. We show that when operating a HiIPIMS discharge in fixed voltage
mode, the ionization probability is varied with |B| and f; remained roughly constant,
while, in the fixed current mode, 3, varied with |B| and at remained roughly constant.
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Paper I'V: Oblique angle deposition of nickel thin films by high power impulselmagnetron
sputtering

Oblique angle deposition is known for encouraging columnar grain growth which is
tilted in the direction of the deposition flux. Deposition using this technique combined
with HiPIMS can induce unique properties in ferromagnetic thin films. We report on
the deposition of 50 nm polycrystalline nickel thin films by dcMS and HiPIMS as the
tilt angle with respect to the substrate normal is varied from 0° to 70°. The HiPIMS
deposited films are always denser, with a smoother surface and are magnetically softer
than dcMS deposited films for otherwise same deposition conditions. The obliquely
deposited HiPIMS films are significantly more uniform in terms of thickness. The cross
sectional SEM images which are shown in Fig 6.26 reveal that the dcMS deposited film
under 70° tilt angle consists of well defined inclined nano-columnar grains while grains
of HiPIMS deposited films are smaller and less tilted. Both deposition methods result
in in-plane isotropic magnetic behavior at small tilt angles while larger tilt angles result
in uniaxial magnetic anisotropy. The transition tilt angle varies with deposition method
and is measured around 35° for dcMS and 60° for HiPIMS.

Figure 6.26. Cross sectional SEM image of the nickel films which are deposited by (a)
HiPIMS, and (b) dcMS methods at 70° substrate tilt angle, at 0.6 Pa, and 150 W
average power. From Hajihoseini et al. (2019a).
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Paper V: Sideways deposition rate and ionized flux fraction in dc and high power
impulse magnetron sputtering

The effect of magnetic field strength |B| and geometry (degree of balancing) on the
deposition rate and ionized flux fraction radially, sideways, perpendicular to the target
surface, is explored experimentally in HIPIMS when depositing titanium. We observe a
significant deposition of the film forming material parallel to the target surface. This
sideways deposition decreases with increasing axial distance from the target surface.
The sideways deposition rate is always the highest in dc operation while it is lower for
HiPIMS operation. The magnetic field strength has a strong influence on the sideways
deposition rate in HiIPIMS but not in dcMS. Furthermore, in HiPIMS operation the
radial ion deposition rate is always at least as large as the axial ion deposition rate,
and often around two times higher. Thus there are significantly higher number of ions
traveling radially in the HiPIMS discharge. A comparison of the total radial as well as
axial fluxes across the entire investigated plasma volume between the target and the
substrate position allows for revised estimates of radial over axial flux fractions for
different magnetic field configurations. As can be seen in Fig 6.27 the relative radial
flux of film forming material is greater in dcMS compared to HiPIMS for almost all
cases investigated. We therefore conclude that the commonly reported reduction of the
(axial) deposition rate in HiPIMS compared to dcMS does not seem to be linked with
an increase in sideways material transport in HiPIMS.
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Figure 6.27. The integrated sideways deposition rate across the cylindrical surface
extending from z = 30 to 70 mm divided by the integrated sideways deposition rate
across the bottom surface at z =70 mm for dcMS and HiPIMS discharges. All data was
recorded using a standard QCM. From Hajihoseini et al. (2020).
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Paper VI: Optimization of HIPIMS discharges: the selection of pulse power, pulse
length, gas pressure, and magnetic field strength

The main goals in a HIPIMS operation are to achieve high ionized flux fraction
of the sputtered target material and high deposition rate. We demonstrate that the
former always comes at the cost of the latter. This makes a choice necessary, which
we call the HIPIMS compromise. We here propose that this compromise is most easily
made by varying the discharge current amplitude, which opens up for optimization
of additionally four external process parameters: the pulse length, the working gas
pressure, the magnetic field strength, and the degree of magnetic unbalance to achieve
the optimum combination of the ionized flux fraction and the deposition rate.

PROCESS |DISCHARGE FLUX
parameters | parameters | parameters

Figure 6.28. A flow chart which shows the main influences from the external process
parameters (to the left), through internal processes represented by the parameters 04
and Py (in the middle column), and finally to the two flux parameters F, g, and FDR sput
that are to be optimized (to the right). Green (filled) arrows indicate a co-correlation,
and red (unfilled) arrows mark a counter-correlation. The widths of the arrows indicate
the strength of their influence. From Brenning et al. (2020)

As a figure of merit, useful for comparing different discharges, we identify (1 — f3,)
which is the fraction of ionized sputtered material that escapes back-attraction toward
the cathode target. We show that a discharge with a higher value of (1 — ;) always
can be arranged to give better combinations of ionization and deposition rate than a
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discharge with a lower (1 — ;). Maximization of (1 — ;) is carried out empirically,
based on measured data from two discharges with Ti targets in Ar working gas. These
discharges were first modeled in order to convert measured plasma parameters to values
of (1 — fB;). The combined effects of varying the different process parameters were
then analyzed using a process flow chart model. The effect of varying the degree of
unbalance in the studied range was small. For the remaining three parameters, we
find that optimum is achieved by minimizing the magnetic field strength, minimizing
the working gas pressure, and minimizing the pulse length as far as compatible with
the requirement to ignite and maintain a stable discharge. Fig 6.28 illustrates how the
process parameters affect flux parameters (ionized flux fraction and deposition rate)
through discharge parameters (o and f3;).

50



7 Conclusions

In conclusion, this thesis discusses the influence of the confining magnetic field on film
properties, on one hand, and on the discharge properties, the deposition rate and ionized
flux fraction in HiPIMS discharge, on the other hand. To systematically study the role
of magnetic field experimentally, a variable magnet assembly capable of manipulating
magnetic configuration and strength is used with a Ti target. For HIPIMS operated in the
fixed pulse voltage mode, we found that there is a trade-off between the deposition rate
(decreased by more than a factor of two) and the ionized flux fraction (increased by a
factor of 4 — 5). The back attraction probability of the ions of the sputtered material in a
HiPIMS discharge was found to be high and roughly constant independent of magnetic
field strength and the ionization probability of the sputtered species increased with
increasing magnetic field strength due to a increased discharge current when operating
in the fixed pulse voltage mode. For HiPIMS operated in the fixed peak current mode,
we found concurring, but smaller trends in the two parameters: decreasing magnetic
field strength improved both the deposition rate (by 38 %) and the ionized flux fraction
(by 53 %). When operating in the fixed peak current mode, the ionization probability
of the sputtered species was roughly constant while the parameter (1 — ;) increased
roughly 30 % with decreasing magnetic field strength. In short, when operating a
HiPIMS discharge in fixed voltage mode, the ionization probability ¢, at varied with
magnetic field strength and ; remained roughly constant, while, in the fixed peak
current mode, f3; varied with magnetic field strength and at remained roughly constant.

These results are in line with properties of vanadium and vanadium nitride films
deposited using two magnets with different characteristics. The films deposited by
HiPIMS with strong magnetic confinement were generally denser and exhibited lower
surface roughness. Higher film density and lower surface roughness can be explained
by higher amount of available ionized sputtered species that we expect using stronger
magnet. In addition, lowering the magnetic field strength increases the deposition rate
significantly for non-reactive and reactive HIPIMS while it increases only slightly in the
dcMS case. In this case, the films are less dense with rougher surface which is expected
when ionized flux fraction is low.

A lower deposition rate compared to dcMS is the main drawback of the HiPIMS
process. Besides back attraction of ionized material, sideways transport of sputtered
material has been suggested to play an important role in the loss of axial HiPIMS
deposition rate. To study this hypothesis, we placed an ion meter at the edge of the
target cathode and perpendicular to the target surface. We observed that a significant
portion of the sputtered material is deposited radially. For the same operating conditions,
the sideways deposition rate is always the highest in dc operation while it is lower for
HiPIMS operation, which is in line with our axial deposition rate measurements at the
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substrate position. This radial deposition rate decreases with increasing axial distance
from the target surface. Furthermore, depending on the magnetic field configuration,
the radial ion deposition rate is 1 — 2 times higher than the axial ion deposition rate.
Thus, there are significantly higher number of ions traveling radially than axially in
the HiPIMS discharge. A comparison of the total radial as well as axial fluxes across
the entire investigated plasma volume between the target and the substrate position
allows for revised estimates of radial over axial flux fractions for different magnetic
field configurations. It is here found that the total radial flux of film forming material is
greater in dcMS compared to HiPIMS for almost all cases investigated. We therefore
conclude that the commonly reported reduction of the axial deposition rate in HIPIMS
compared to dcMS does not seem to linked with an increase in sideways material
transport in HiPIMS.
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Abstract

Thin vanadium and vanadium nitride films were grown on SiO; by non-reactive and reactive
high power impulse magnetron sputtering (HiPIMS), respectively. The film properties

were compared to films grown by conventional dc magnetron sputtering (dcMS) at similar
conditions. We explored the influence of the stationary magnetic confinement field strength
on the film properties and the process parameters. The deposition rate is much lower for
non-reactive sputtering by HiPIMS than for dcMS. Furthermore, for both dcMS and HiPIMS
the deposition rate is lower for strong magnetic confinement. Structural characterization was
carried out using x-ray diffraction and reflection methods as well as atomic force microscopy
and scanning electron microscope. Both dcMS and HiPIMS grown vanadium films are
polycrystalline with similar grain size regardless of magnetic field strength. For dcMS grown
vanadium films the surface roughness is higher when a strong magnetic field is used. For both
non-reactive growth of vanadium and reactive growth of vanadium nitride the HiPIMS process
produces denser films with lower surface roughness than dcMS does. Lowering the magnetic
field strength increases the deposition rate significantly for reactive HIPIMS while it increases
only slightly in the reactive dcMS case. The films grown by HiPIMS with strong magnetic
confinement exhibit higher density and lower roughness. We find that the operating pressure,
growth temperature, discharge voltage and film thickness has influence on the properties of
HiPIMS grown vanadium nitride films. The films are denser when grown at high temperature,
high discharge voltage and low pressure. The density of those films is lower for thicker

films and thicker films consist of larger grain size. For all the films explored, higher density
coincides with lower surface roughness. Thus, the deposition method, magnetic field strength,
growth temperature, discharge voltage, film thickness and growth pressure have a significant
influence on the film quality and structural properties, including the grain size for the various
orientations.

Keywords: vanadium, vanadium nitride, magnetron sputtering, high power impulse magnetron
sputtering, thin film, HIPIMS

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

1. Introduction [1,2]. The TM nitrides have many preferred properties like high

melting point, high hardness, chemical stability and metallic
Transition-metal (TM) nitrides such as VN, TaN and NbN are  conductivity. Among the TM nitrides, vanadium nitride has
known to exhibit the B1 NaCl structure at room temperature  received attention as a hard material. Polycrystalline vana-
3 Author to whom any correspondence should be addressed. dium nitride thin films are used in a number of applications
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including diffusion barrriers in micro electronic devices
[3, 4], as hard wear and scratch-resistant coatings [5], as a
friction material in dry slicing against stainless steel [6], as a
potential electrode material for energy storing systems (super
capacitors) [7], and as anodes in rechargeable lithium ion bat-
teries [8]. Furthermore vanadium nitride is known to exhibit
superconductivity at low temperature [9]. Due to its material
properties vanadium nitride has been suggested as a candi-
date for high-performance barrier material for Cu intercon-
nects [3, 4, 10-12]. Takeyama et al [4, 11] have demonstrated
that nanocrystalline textured vanadium nitride films grown
between Cu and SiO; are chemically inert, and do not react
with the adjoining layers, and are structurally stable. In the
past, vanadium nitride films have been grown by atomic layer
deposition [10, 13], direct nitridation of vanadium films at
elevated temperature [7], reactive electron beam evaporation
[6], reactive dc sputtering [4, 14, 15], pulsed laser deposition
[16, 17], reactive magnetron sputtering [5, 18-22] and reac-
tive ion beam sputtering [12]. It is known that the chemical
composition, microstructure and hence, the material proper-
ties (such as optical, electrical and magnetic properties) of
vanadium nitride films depend heavily on deposition param-
eters. Qiu er al [19] explored the influence of the nitrogen
partial pressure and substrate bias on the film hardness and
residual stress when depositing vanadium nitride by reactive
magnetron sputtering on a Si(100) substrate. With increased
nitrogen partial pressure the coatings became more com-
pact and exhibited higher hardness. Chun [20] explored the
growth of vanadium nitride thin films by inductively coupled
plasma assisted magnetron sputtering (ICP-MS) and finds
that the power applied to the ICP discharge and thus the metal
ion flux has a significant influence on the film properties.
The coating microstructure evolved from a porous columnar
structure to a highly dense structure as the ICP power, and
thus the ionization fraction of the sputtered material was
increased. The vanadium-nitrogen phase diagram indicates
that two stable phases exist: the hexagonal 3-V,N and the
cubic 6-VN phases [2].

The high power impulse magnetron sputtering (HiPIMS)
discharge is an ionized physical vapor deposition technique
that has attracted much interest lately [23, 24]. By pulsing the
target to a high power density with unipolar voltage pulses,
a low duty cycle, and low frequency, high electron density
is achieved, and thus a high ionization fraction of the sput-
tered material [23, 24]. Earlier we have shown that HiPIMS-
deposited TiN films produce denser films at lower deposition
temperatures, have significantly lower surface roughness
[25], and have significantly lower electrical resistivity than
dc magnetron sputtered (dcMS) films on SiO, at all growth
temperatures, due to reduced grain boundary scattering [26].
We also demonstrated that ultrathin continuous TiN films
have superior electrical characteristics and are more resistant
to oxidation than the dcMS grown films. The largest change
in resistivity was seen for films grown at room temperature.
One major drawback with HiPIMS is the low deposition rate
compared to conventional dc and mid-frequency magnetron
sputtering. Recent studies have shown that a small decrease
in the magnetic field strength can lead to a significant increase

in the deposition rate [27, 28]. Furthermore, Bradley et al
[29] explored the influence of the magnetron magnetic field
strength on the deposition rate and showed that the deposi-
tion rate increases with increased magnetic field for dcMS and
mid-frequency magnetron sputtering, while it increases with
decreasing magnetic field for HiPIMS. Capek er al [30] have
shown that target erosion leads to increased discharge current,
which they relate to increased magnetic field strength due to
the thinner target. They point out that this can lead to poor
process reproducibility of the HiIPIMS process.

Here, we study and compare the growth and film proper-
ties of vanadium and vanadium nitride films by HiPIMS and
dcMS. We demonstrate that the HiPIMS technique provides
thin vanadium and vanadium nitride films of superior quality
compared to dcMS grown films (higher density, smoother sur-
face). However, the deposition rate is significantly lower. We
explore the influence of the magnetic field strength, growth
temperature, reactive gas flow rate, and working gas pressure
on the deposition rate, the film structure and morphology in
order to optimize the film quality. Also we explore the trade-
off between the film quality and the deposition rate as the
magnetic field is varied. In section 2 we discuss the deposition
tools and the characterization methods applied. In section 3
we explore how the properties of vanadium and vanadium
nitride films vary for different operating conditions. Section 4
summarizes our findings.

2. Experimental apparatus and method

The vanadium and the vanadium nitride thin films were grown
in a custom built magnetron sputtering chamber [31] with a
base pressure of 4 x 107 Pa. The working gas was argon of
99.999% purity mixed with nitrogen gas of 99.999% purity.
The argon flow rate was ga, = 40 sccm and the nitrogen flow
rate varied from gn, = 0 to gn, = 5 sccm. A throttle valve was
used to maintain a total working pressure at 0.9 Pa. The vana-
dium target was 75 mm in diameter and of 99.995% purity.

The substrates used were thermally oxidized Si(00 1) with
an oxide thickness of 1 pum. The substrate temperature was
maintained at 400 °C during growth (unless stated otherwise)
with a 1.5 inch (3.8 cm) diameter circular plate heater, sepa-
rated from the substrate holder by a 2mm gap. The substrate
holder design is described in more detail by Arnalds et al [31].
All depositions have been made while keeping the substrate
holder grounded.

For HiPIMS operation, the power was supplied by a
SPIK1000A pulse unit (Melec GmbH) operating in the uni-
polar negative mode at constant voltage, which in turn was
charged by a dc power supply (ADL GS30). The discharge
current and voltage was monitored using a combined cur-
rent transformer and a voltage divider unit (Melec GmbH)
and the data were recorded with a digital storage oscilloscope
(Agilent 54624A). The pulse length was 200 s and the pulse
repetition frequency was 100 Hz. For dcMS, a dc power
supply (MDX 1K, Advanced Energy) was connected to the
magnetron. In both methods, depositions were made at 150 W
average power. To investigate the effect of magnetic field
strength on the film properties, two magnets with different
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Table 1. Measured and calculated specifications of two magnets.

Center Ring MFD of

diameter diameter center MFD of ring  Magnetic flux Magnetic flux
Magnet (mm) (mm) (average) (average) of center (total) of ring (total) K K
Weak 14 10 0.322T 0314T 49 uWb 690 tWb 0.07 1
Strong 30 8 0.396 T 0.367T 279 Wb 664 Wb 0.42 2.9

strength have been used. Both magnets are 3 inches in diam-
cter and were purchased from Angstrom Science. We deter-
mine the total magnetic flux of center and ring magnets (north
and south poles). The method allows us to illustrate the bal-
ance and unbalance property of the magnets in a quantitative
way. To this end, magnetic flux density (MDF) has been meas-
ured at different points of the magnets (close to the surface)
to achieve an average MDF over each magnet. Then it is mul-
tiplied by the cross-section arca of the magnets to achieve the
total magnetic flux. By comparing the magnetic ficld strength
of the two poles, it is easy to determine how unbalanced the
magnetron is. Table 1 summarizes measured and calculated
specifications of the two magnets. The magnetic fields were
measured in a bench set up by a Hall probe over the center of
the race track. For the strong magnet, the average out of plane
and in plane magnetic field are 18 and 93 uT, respectively,
and for the weak magnet those are 4 4T and 36 pT, respec-
tively. Morcover, the imbalance coefficient K is calculated as
the ratio of the magnetic fluxes of the center magnet and the
outer magnetic ring. Thus a magnetron is balanced if K = 1.
The geometrical imbalance coefficient Kg is the ratio of the
distance between the magnetic zero of the magnetron (the
point along the middle axis where B changes its orientation,
i.c. B = 0) and the target surface, and the diameter of the
crosion rill on the target surface [32, 33]. Details on calcul-
ations and definitions of the two cocfficients can be found in
the work of Svadkovski et al [32].

X-ray diffractometry (XRD) was carried out using a Philips
X’pert diffractometer (Cu K,, wavelength 0.15406nm)
mounted with a hybrid monochromator/mirror on the inci-
dent side and a 0.27° collimator on the diffracted side. A line
focus was used with a beam width of approximately 1 mm.
The grazing incidence XRD (GIXRD) scans were carried out
with the incident beam at § = 1°. We performed low-angle
x-ray reflectivity (XRR) measurements with an angular reso-
lution of 0.005° to determine the film thickness, density and
roughness and its data was fitted using Parrat formalism [34]
for reflectivity. Adding a low density surface layer on top
of the film was required to achieve a good fit. This may be
interpreted as being due to a formation of oxide or oxynitride
surface layer after the films were removed from the vacuum
chamber, as previously observed [35]. The film surface
morphology was characterized by contact-mode atomic force
microscope (AFM) analysis in an XE-100 multi-mode AFM
system (PSIA Inc.) in air (ex sifu).

The surface and cross section features of the vanadium
nitride films were studied using a FEI Nova 200 dual beam,
focused ion beam-scanning eclectron microscope systems
(FIB-SEM). The acceleration voltage of the clectron and ion
beam were set to 10 and 30kV, respectively. The FIB was

applied to prepare the samples in order to take cross sectional
SEM images. The working distance was kept at 5mm for all
the images presented.

3. Results and discussion

Vanadium and vanadium nitride films were grown by HiPIMS
and dcMS while varying the various process parameters.
Section 3.1 discusses the growth of vanadium films in the
bee a-V phase by HiIPIMS and dcMS and two magnetic field
strengths. In section 3.2 we explore how adding nitrogen gas
leads to the formation of vandium nitride. For low nitrogen
flowrate we observe the hexagonal 5-V,N phase and at higher
flowrate we get the fcc 6-VN phase. Once we have established
the nitrogen flowrate that gives the -VN phase we explore
how the magnetic field strength influences the deposition rate
and the film quality in section 3.3. We explore how film thick-
ness influences the film density, surface roughness and grain
size in section 3.4. Then we study the effect of the growth
temperature in section 3.5, the discharge voltage in section 3.6
and pressure in section 3.7.

3.1. Vanadium deposition with varying magnetic field strength

Roughly 120nm thick Vanadium (V) films were deposited by
both dsMS and HiPIMS and with both weak and strong mag-
nets. The GIXRD pattern for pure vanadium film (Osccm Ny)
grown by HiPIMS is shown in figure 1. The peak at 20 = 42.3°
corresponds to the (1 10) orientation of the bee vanadium film,
the a-V phase [36, p 58]. GIXRD mcasurements show that
both HiPIMS and dcMS grown V films have polycrystalline
structure with similar grain size and using different magnetic
field strength does not affect the structural properties signifi-
cantly. Table 2 shows the data which are extracted from AFM
and XRR measurements for the four cases explored here.
With both strong and weak magnets, HIPIMS growth results
in significantly denser films than grown by dcMS. In the case
of HiPIMS, the vanadium film (excluding a top low density
layer), which was grown by the strong magnet has higher
density than that grown by the weak magnet. It is vice versa
for the dcMS grown film. The higher density achicved by
HiPIMS has been observed before for various metallic films
including Ti, Cr, Zr, Al, Ta, Pt and has been explained in terms
of high metal ionization degree [37]. There it is found that the
HiPIMS grown metallic films were generally 5-15% denser
than dcMS grown films. Furthermore, it has been demon-
strated that using strong magnet results in clevating the metal
ion charge states [38]. Similar findings are reported by Huo
et al [39] for a Ti target where a stronger magnet enhances
the Ti?™ fraction in the discharge current and lowers the Ti™
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Figure 1. GIXRD pattern from vanadium nitride films which
were grown by HiPIMS at different nitrogen flow rates with weak
magnet, at 0.9 Pa, 150 W average power, pulse length 200 us and
repetition frequency of 100 Hz.

fraction. As with higher ionization degree, increased density
of doubly ionized metal atoms can further improve the density
of HiPIMS grown films.

The data listed in table 2 shows that for dcMS grown vana-
dium films the surface roughness is similar for both magnet
strengths, while HiPIMS grown films exhibit lower rough-
ness, and the lowest roughness is achieved when the film is
grown utilizing a strong magnet. Figure 2 shows the surface
topology of the aforementioned vanadium films. We see that
the two HiPIMS grown films (figures 2(a) and (b)) are signifi-
cantly smoother than the dcMS grown films (figures 2(c) and
(d)), and for HiPIMS grown films that using a strong magnet
(figure 2(a)) leads to significantly smoother surface than a
weak magnet (figure 2(b)), which agrees with the numbers
given in table 2.

We also observe that the deposition rate for HiPIMS grown
films is much lower than for dcMS grown films. This is con-
sistent with what has been reported by Samuelsson ef al [37]
and Helmersson et al [23] on the ratio of the deposition rates
(DR), DRyipims/DRyems for pure metals. Although in both
of these reports, the ratios are less than one, they are not the
same. One reason for this variation could be the use of dif-
ferent magnetic field strength during deposition. Our results
show for both dcMS and HiPIMS deposition, that film growth
by the strong magnet exhibits lower deposition rate than
growth with the weak magnet. The ratio DRy;pivs/DRyems for
vanadium films is 0.37 and 0.77 for the strong and weak mag-
nets, respectively. The variation of the magnetic field strength
in a sputtering system could strongly affect the ionization and
transport of the ionized species from the plasma to the growing
film by changing the confinement strength for the electrons.
Previously, Mishra et al [27] have identified a large potential
barrier in HIPIMS deposition for the transport of the sputtered
post-ionized species from target to the substrate. They dem-
onstrated that a small reduction in the magnetic field strength
can effectively reduce this barrier effect, thereby increasing
the HiPIMS deposition rate significantly.

8.2. Vanadium nitride deposition with varying nitrogen
flow rate

To grow vanadium nitride films, an Ar/N, mixture was injected
into the chamber. Figure 1 shows GIXRD pattern for films
which were grown by HiPIMS at 0 (121 nm), 2 (102nm), 3
(71nm), 4 (66nm) and 5 (63nm) sccm nitrogen flow rates.
Comparing the obtained GIXRD peaks with reference peaks
indicates that 5sccm nitrogen flow rate is sufficient to grow
polycrystalline 8-VN films. At 5sccm flow rate the peak at
26 = 43.6° is dominant in the GIXRD pattern. This peak has
been assigned to the cubic fcc 5-VN(200) [21, 22]. So at
nitrogen flow rate of Sscem the films are polycrystalline and
the preferred orientation is (200). The peak at 26 = 39° is
assigned to the cubic fcc -VN(11 1) and the peak at 20 = 65°
to the cubic 8-VN(220). The film grown at 2sccm exhibits a
peak at 41° which we believe is due to coexistence of (211)
facet of the hexagonal (-V,N phase and the (110) facet of
the a-V phase. Similar observation was reported by Farges
et al [21]. The two phases 6-VN and -V,N seem to coexist
for films grown at nitrogen flow rates of 3 and 4sccm, and
the cubic 6-VN phase dominants for flow rate of 3sccm.
Similarly, Geuddaoui er al [22] explored the growth of
vanadium nitride thin films while varying the nitrogen flow
rate. The films crystallize dominantly into the hexagonal
0-V,oNi_, phase at low nitrogen gas flows and into the cubic
6-VN;_ phase at high nitrogen gas flows. They found the as-
deposited vanadium nitride films to be highly textured and
that the texture depends on the nitrogen gas flow. In all the
vanadium nitride films grown, the peaks of cubic (fcc) (11 1),
(200), (220), and (311) were observed (JCPDS 25-1252).
Chun [20] found that from x-ray diffraction analysis that the
films grown by ICP-MS are single-phase 6-VN coatings.
They also reported that the intensities of the peaks vary with
increased ICP power, and that the preferred orientation was
changed from (111) texture, to (200) texture, and then to
(220) texture with an increase in ICP power, or increased ion
flux towards the substrate. Similarly, Ge ef al [18] saw that the
films exhibit different preferred orientations, which ranged
from a strong (111) texture when growing with dcMS only
to a dominating (200) texture when co-sputtering from two
targets, one pulsed at 350kHz or 100kHz and the other with
applied rf power.

Figure 3(a) shows 200 s long voltage pulses applied to
discharges at different nitrogen flow rates to achieve 150W
average power and its related current waveforms. It is notice-
able that higher nitrogen flow rates contribute to more delay on
plasma ignition as well as higher discharge current. We have
earlier seen an increased delay with increased oxygen flow rate
when operating with Ti target [40], and also seen increased
delay with decreasing repetition frequency when operating
A1/O; discharge [41] and A1/N; discharge [42] with Ti target.
It can be considered being due to a change in the ionization
processes, increased collisional energy loss per electron—ion
pair created, due to rotational, vibrational and dissociation pro-
cesses of the molecules, as well as the target surface condition
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Table 2. Extracted data from XRR and AFM measurements of vanadium films.

Orientation grain size (nm)

Density DR Roughness
Method Magnet (gem™3) (nm min_l) (nm) (110) (200) 2110
HiPIMS Strong 5.79 0.98 2.41 16 12.5 11.1
HiPIMS Weak 5.59 2.54 5.76 15.8 12.3 10.4
dcMS Strong 5.11 2.66 8.41 16.2 13 10.5
decMS Weak 5.23 3.36 8.30 16 12.5 11.4

220m

Figure 2. The surface morphology of vanadium films grown with (a) HiPIMS and strong magnet, (b) HiPIMS and weak magnet, (¢) dcMS

and strong magnet, and (d) dcMS and weak magnet.
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Figure 3. The (a) discharge voltage, and (b) discharge current
waveforms captured during HiPIMS deposition with different
nitrogen flow rates and vanadium target. The neutral gas pressure is
0.9 Pa, voltage pulse is 200 us long and the pulse frequency is 100
Hz. The relatively higher current in the non-reactive mode is due to
using eroded vanadium target.

[43]. The current waveforms can be described by three dis-
tinct regions, as previously described by Lundin er al [44] (I)
plasma initiation and a current maximum, followed by (II) a
decay to a minimum and then (III) a steady state regime that
remains as long as the discharge voltage level is maintained.
The initial peak in the discharge current is a result of strong
gas compression due to the sudden large flux of atoms from
the target. Collisions of the sputtered atoms with the working
gas atoms results in heating and expansion of the working gas,
known as rarefaction. The rarefaction causes the discharge cur-
rent to fall. As a result, the sputtered atoms replace the working
gas atoms in the vicinity of the cathode target to some extent
as the pulse evolves. We also note that the discharge current
increases with increased nitrogen partial pressure. An increase
in the discharge current upon the addition of reactive molecular

Table 3. Extracted data from XRR measurements of vanadium
nitride films grown at 400 °C, at average power of 150W, and 0.9
Pa. The HiPIMS pulse was 200 us long and the repetition frequency
100 Hz.

Density DR Roughness
Method ~ Magnet (gem™)  (nm min~ h (nm)
HiPIMS  Strong 6.14 0.83 (nm min™")  0.63
HiPIMS  Weak 5.79 1.35 (mmmin~!) 2.53
dcMS Strong 5.25 1.55 (am min™")  5.44
dcMS Weak 5.17 1.59 (nm min™!)  4.17

gas has been reported for various gas and target combinations
[41, 42, 45, 46]. Recently this discharge current increase has
been explained as being due to working gas recycling as the
target becomes increasingly poisoned in an A1/O, discharge
with Ti target [47]. This discharge current increase can also
be due to self sputter recycling [48]. In addition, we observed
a decrement in the deposition rate by increasing the nitrogen
partial pressure which is in agreement with what was reported
previously for reactive dcMS [19, 22].

3.3. Vanadium nitride deposition with varying magnetic
field strength

Here, the vanadium nitride film properties and its discharge
characteristics captured during growth while varying the
magnetic field strength are presented. Depositions have been
made by both HiPIMS and dcMS methods and using both
weak and strong magnets for each method and all films are
roughly 48 nm thick. All the films are grown at ga, = 40 sccm
and gn, = 5 sccm. The film density, deposition rate and sur-
face roughness are compared in table 3. The film grown by
HiPIMS and the strong magnet exhibits the highest density
(6.14g cm~—3) which is similar to the bulk VN density (6.13
¢ cm™3 [49]). Similar to the pure V films, using the weak
magnet in the HiPIMS process, the film density decreased
slightly (5.79 g cm™3). For the dcMS grown films the density
is smaller and remained roughly constant at 5.25 and 5.17 g
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Figure 4. SEM images of VN films grown at 0.9 Pa by (a) dcMS with weak magnet at 400 °C, (b) HiPIMS with weak magnet at 400 °C,
(c) HiPIMS with strong magnet at 400 °C, and (d) HiPIMS with strong magnet at 30 °C. Images were taken at an angel of 52°.

cm~3 while we change from the strong to the weak magnet.
Although these dcMS grown VN films show similar densi-
ties, this behavior is different from pure V film growth where
using the strong magnet resulted in slightly lower density
(section 3.1). By looking at the deposition rates in table 3,
we see that the film grown with dcMS and the weak magnet
has the highest deposition rate while that grown with HiPIMS
and the strong magnet exhibits the lowest deposition rate. The
ratio DRyipims/DRyems s 0.53 and 0.85 for strong and weak
magnets, respectively, which are higher than the ratios calcu-
lated for pure V films in the section 3.1. Table 3 also lists the
surface roughness for the four films. Figure 4 shows the SEM
images of VN films grown at 400 °C and 30°C with weak
and strong magnets, with dcMS and HiPIMS, respectively.
HiPIMS grown films exhibit significantly smoother surfaces
than dcMS grown ones as seen by comparing figure 4(a) for
dcMS and (b) for HiIPIMS with the weak magnet. The HiPIMS
grown film by strong magnet exhibits the smoothest film with
0.63 nm surface roughness also seen as very smooth surface in
figure 4(c). For HiPIMS, using the stronger magnet results in
smoother film as seen comparing figures 4(a) and (c), while
dcMS leads to slightly rougher surfaces as seen in figure 4(a).
These SEM images are consistent with the numerical values
listed in table 3. This behavior also agrees with what was
observed for pure V films which discussed in section 3.1.
The vanadium nitride films are polycrystalline, that means
the films are made up of a large number of small crystal-
lites. The microstructure is to a large extent determined by
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Figure 5. Calculated 6-VN films grain size from GIXRD spectrum
of (111),(200) and (220) orientations. The films were grown at
pressure of 0.9 Pa and growth temperature of 400 °C.

the grain size and the grain boundary morphology. The grain
size can be calculated from the full width at half maximum
of the peaks using the Scherrer formula. Figure 5 shows grain
size calculated for the (111), (200) and (220) crystallites of
the cubic 6-VN films. In contradiction to what was observed
for pure V films, using HiPIMS and dcMS methods and dif-
ferent magnets has some effects on the grain size of the 6-VN
films. In all the films, 111 grains are the largest ones which
is predictable due to the fce structure of 6-VN [50]. HiPIMS
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Figure 6. The (a) discharge voltage, and (b) discharge current
waveforms captured during vanadium nitride HiPIMS deposition
with strong and weak magnets. The voltage pulse is 200 us long
and the pulse frequency is 100 Hz.

film grown by the strong magnet shows 14.5nm grains which
is the largest 111 grain size. Other films exhibit roughly the
same grain size with 13.5nm size. The (1 11) texture is rela-
tively independent of the growth method and magnetic field
strength. The film grown by dcMS and strong magnet has the
biggest (200) grain with 13.4nm size. On the other hand,
dcMS grown film by weak magnet exhibits the smallest 200
grains with 10.4nm size. The strength of the magnet does
not affect the (200) grain size for HIPIMS grown films and
they show 12.2nm grain size. In addition using dcMS and
the weak magnet, similar to using HiPIMS and the strong
magnet results in roughly 11.3nm 220 grain size which is
larger than other films. HiPIMS with the weak magnet and
dcMS with the strong magnet are in second and third ranks
with 10.3nm and 9.4nm grains, respectively. It is not clear
from the literature if HiPIMS or dcMS grown films are
expected to exhibit smaller grain size. Smaller grain size has
been reported for polycrystalline TiN [25] and TaN [51] films
grown by HiPIMS compared to dcMS grown films, while for
AIN [52], TiO, [53], and CrN [54] films grown by HiPIMS
the grain size is larger than for dcMS grown films. Rudolph
[51] found that the grain size decreases with increased dis-
charge cathode potential and argued that due to the high mass
of Ta in the cathode, these can reach considerable energies
at the highest cathode potential and thus these backscattered
neutrals lead to the smaller grains observed in HiPIMS grown
films compared to dcMS grown films. In this regard, V is of
similar mass as Ti, so we could expect VN and TiN growth
to exhibit similar behavior. Chun [20] reported a decreased
grain size in VN films with increased ICP power, or increased
metal ion flux, when grown by ICP-MS, from 10.1 to 4nm.
This indicates that increased ionization of the sputtered mat-
erial leads to smaller grain size. However, we observe some-
what larger grain size for HiIPIMS grown films reported here
as seen in figure 5.

Figure 6 shows voltage and current waveforms which were
captured during HiPIMS deposition by strong and weak mag-
nets. The magnetron discharge voltage was 700V and 500V
for weak and strong magnets, respectively, to achieve 150 W
average power as seen in figure 6(a). It results in 30 A and
16 A maximum discharge current for strong and weak mag-
nets, respectively. This decrease in the discharge current with
decreased magnetic field strength has been demonstrated by
Capek et al [30] which placed spacers between the magnets
and the target in order to lower the magnetic field strength
at the target surface. In figure 6(b) it can be seen that the
discharge with weak magnet exhibits current peak at 60 us
after pulse initiation and approaches a plateau 200 us after
the pulse onset while by strong magnet the current increases
monotonically and the peak appears 160 us after starting the
pulse. Likewise the current starts to rise 70 ps after applying
voltage pulse to the cathode target with strong magnet which
is roughly 30 ps later than for the weak magnet. The presence
of a magnetic field drives the electrons into helical path close
to the target. By increasing the strength of magnetic field,
electrons are forced to travel longer convoluted paths before
an ionizing occurs. This can contribute to increased delay on
the breakdown and discharge onset [43]. Besides, applying
lower voltage to the strong magnet is another reason for the
longer delay [43]. However, the effect of the magnetic field
strength on the current delay onset remains to be explained.

3.4. Vanadium nitride deposition up to different thickness

To investigate the cffect of vanadium nitride film thickness
on other propertics of the film, 13, 41.2 and 94nm thick
6-VN films were grown by HiPIMS with the weak magnet at
gar = 40 sccm and gy, = 5 scem and 0.9 Pa operating pres-
sure, and growth temperature of 400 °C. Figure 7 shows that
the film density is slightly reduced by growing thicker films.
The surface roughness shows a significant dependence on the
film thickness, and increases from roughly 1nm for 13nm
thick film to Snm for 94 nm thick film. Moreover, thicker
films consist of bigger grain sizes for all orientations (figure
8). These results clearly demonstrate the importance of noting
the film thickness to achieve reliable comparison of the film
properties.

3.5. Vanadium nitride deposition at different growth
temperatures

GIXRD measurements of the HiPIMS deposited 6-VN films
at gar = 40 sccm and gy, = 5 sccm and operating pressure of
0.9 Pa, using weak magnet, are shown in figure 9. The results
demonstrate that the films are polycrystalline and that the
(111),(200) and (220) crystal orientations are present in all
samples. Grains oriented in the (11 1) direction are dominant
for growth temperatures of 200 °C and below whereas the
(200) orientation becomes more prominent with increasing
growth temperature. These observations are consistent with
our previous studies of TiN [25] and can be attributed to the
competition between the temperature dependent fast lateral
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Figure 7. The density and surface roughness of 6-VN HiPIMS
deposited films versus the film thickness. The films were grown at
0.9 Pa with 200 s long pulses at 100 Hz repetition frequency, and
growth temperature of 400 °C.
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Figure 8. Average grain size of the (111), (200) and (220)
crystallites of 10, 42.7 and 94 nm thick 6-VN films. Grain sizes
are calculated from the full width at half-maximum of the
corresponding GIXRD scans using the Scherrer formula. HiPIMS
grown films at 0.9 Pa, with pulse length 200 us, repetition
frequency of 100 Hz, and growth temperature of 400 °C.

growth rate of the (200) oriented grains and the large geo-
metric growth rate of the (111) oriented grains [55]. In other
words, Ti adatoms form one N back bond on (100) surlaces
and three N back bonds on (11 1) surfaces. Thus, cation dif-
fusivities and potential energies are higher on (00 1)-oriented
grains than on (11 1)-oriented grains and thus Ti adatoms
have a larger chance of becoming trapped at (1 1 1) sites. This
has the consequence that (11 1)-oriented grains slowly and
relentlessly expand at the expense of the (200) grains under
low temperature growth conditions [50]. We would expect
the same behavior with V and N while forming 6-VN films.
The grain size of the (111), (200) and (220) crystallites are
shown versus growth temperature in figure 10. The (200)
grain size increases steadily with increasing temperature from
5 to 13nm when the growth temperature is increased from
30 to 600 °C, whereas the size of the (11 1) oriented grains
decreases from 13.4nm for growth at 30 °C to a minimum of
12.1nm for growth at 400 °C after which it starts to increase
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Figure 9. GIXRD scans of the 6-VN films, grown by HiPIMS
at different temperatures shown on the right and ga, = 40 sccm
and gn, = 5 scem. The curves are shifted for clarity. The films
are polycrystalline with the (111), (200) and (220) orientations
present at all growth temperatures.
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Figure 10. Average grain size of the (111), (200) and (220)
crystallites in the 5-VN films calculated from the full width at half-
maximum of the corresponding GIXRD scans using the Scherrer
formula. The (11 1) grains are the largest at low temperature
whereas the (200) grain size increases with temperature. HiPIMS
grown films at 0.9 Pa, with pulse length 200 s and repetition
frequency of 100 Hz.

with temperature to 14.3nm at 600 °C. The (200) crystallites
are smaller than the (111) crystallites for all growth temper-
atures. XRR measurements were performed to determine the
film thickness, density and roughness. The XRR scans are
shown in figure 11 where the trend of increasing density and
decreasing roughness with increasing growth temperature is
apparent. The results of fitting the data are shown in figure 12.
Interestingly, different layer models are required to obtain a
good fit to films grown at different temperatures. Films grown
at 400 and 600 °C are well represented by a single 6-VN layer
model whereas for the films grown at 30, 200 and 300 °C a
low density interface layer, a few nanometer thick, must be
introduced between the 6-VN film and the SiO, substrate.
This can be interpreted as being due to the damage done to the
Si0; surface by the ion bombardment present during HiPIMS
deposition [56]. This damage is repaired by annealing at the
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higher growth temperatures. For these films a low density sur-
face layer on top of the -VN film is also required to achieve
a good fit. This we interpret as being due to a combination
of the high surface roughness of these films (figure 4(d)) and
the formation of an oxynitride surface layer after the films

are removed from the vacuum, as previously seen for the TiN
films [25, 35].

The density of the 6-VN layer (excluding the thin interface/
surface layers) is approximately 6 g cm™3 for films grown at
600 °C (the bulk value is 6.13 g cm~3 [49]). Note that the high
density of the 400 °C grown HiPIMS film coincides with the
minimum in the (11 1) grain size as seen in figure 10. Barna
et al [57], proposed a structure zone model (SZM) for char-
acterizing microstructure evolution in pure elemental films,
which was later applied to the compound mode (reactive) by
Petrov et al [50]. The SZM consists of three regions: Zone
I corresponds to very low deposition temperatures at which
adatom diffusion is negligible; surface diffusion becomes
significant in the transition Zone T; and Zone II represents
film growth at deposition temperatures for which both surface
and bulk diffusion are operative. The boundaries between the
zones are diffuse and transitions occur gradually over wide
ranges in T /Ty where Ty and Ty, are deposition temperature
and melting point, respectively. During film growth in the
low-T5 Zone I regime, an underdense structure with a fine
fiber texture develops. Initial in-plane grain sizes are set by
the saturation nucleation density. Adatom mobilities are low
and columns preserve the random orientation of the nuclei as
predicted by ballistic models [58]. The columns are generally
not single grains, but are composed of smaller more equiaxed
grains, or can be completely amorphous. Surface roughness
develops in a fractal geometry [59] which, due to wide angular
distribution of the deposition flux, atomic shadowing, and
limited surface diffusion, leads to extensive porosity [50]. The
film thickness is tied closely to the density as can be seen in
figure 12. All the films are grown for 35 min. Despite the con-
stant growth time the film thickness is seen to decrease with
increasing growth temperature, as the films become denser.
However, the thickness increases for growth temperature
between 400 and 600 °C remains unexplained. This increment
was also observed before in TiN dcMS grown films [25].

3.6. Vanadium nitride deposition at different discharge
voltages

Three films were grown at 620V, 730V and 1000V dis-
charge voltages and their properties are depicted in figure 13.
All three films are roughly 36nm thick and were deposited
at gar = 40 sccm and gn, = 5 scem. Deposition at higher
discharge voltage increases the film density while surface
roughness decreases with increased discharge voltage (figure
13). Besides, the deposition rate increases significantly with
increased discharge voltage from 1nm min~' at 620V to
2.1nm min~" at 730V and then to 3.7nm min~" at 1000V
discharge voltage. Petrov et al [50] reported on an increase
in the layer density and decrease in surface roughness from
underdense -TaN layers with intercolumnar voids and self-
organized growth mounds separated by deep surface trenches
to fully dense layers with smoother surfaces with increasing
ion flux. They believe that the densification is attributed to less
pronounced kinetic roughing due to ion-irradiation enhanced
surface mobilities resulting in smoother surfaces with less
atomic shadowing. Figure 14 illustrates that there is no
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length was 200 us, the pulse repetition frequency was 100 Hz, and
growth temperature of 400 °C.
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Figure 14. The grain size of HiPIMS grown §-VN films with weak
magnet versus discharge voltage. The neutral gas pressure was 0.9
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100 Hz, and growth temperature of 400 °C.

significant change in grain size when increasing the discharge
voltage from 620V to 730V, while rising the voltage up to
1000V leads to remarkable decrement of the grains size in
all the three orientations. This is consistent with other reports
of the grain size in HiPIMS deposited films. Alami et al [54]
have demonstrated a transition from polycrystalline to nano-
crystalline films when the discharge current is increased
(increased ion flux) in HiPIMS deposition of CrN. Ion irra-
diation induces surface defects that promote renucleation (or
a secondary nucleation) of new islands that cause apparent
periodical disruption of the individual grain growth [50]. In
HiPIMS deposition this can result in column free films with
nanosized grains that are not observed in the dcMS process
[54, 60]. This also agrees with the findings of Rudolph [51]
which claims that increased energy of backscattered neutrals
in HiPIMS leads to smaller grain size. This behavior were also
seen by Chun et al [20] that investigated effect of ICP power
on 6-VN grain size, and found that increasing the metal ion
flux leads to smaller grain size.

——— 7
- =% Strong magnet 1
6.2 “© weak magnet . 6
i % *#=Strong magnet 1
- ]
. L - N @+ weak magnet 3 5
= 6 - 1 =
g T Qe - ~ “" 1 =
B ~ M J¢ 2
= | ~ IR 1° 2
I ~ K N ] ] =
Z o9 . 13
a i R 1° =
3] L ‘. ~ o* 3 Q
a I .=
ot o ~ r B
5.6 .t 0 ]
L @ [} 1.
K -
Hunnnn T anann " ]
5.4 PR T TR T T TR SN T T N W TN TR SN NN SN TR T T 0
0.7 0.8 0.9 1 1.1

Pressure [Pal

Figure 15. The density and surface roughness of HiPIMS grown
6-VN films with weak and strong magnets versus pressures. The
average power was 150 W, the pulse length 200 us, the pulse
repetition frequency was 100 Hz, and growth temperature of
400 °C.
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Figure 16. The (a) discharge voltage, and (b) discharge current
captured during vanadium nitride HiPIMS deposition with strong
magnet at different pressures. The average power was 150W, the
pulse length 200 us, and the pulse repetition frequency 100 Hz.

3.7 Vanadium nitride deposition at different pressures

To investigate the effect of the total gas pressure on the quality
of HiPIMS grown 6-VN films, the chamber pressure was
changed by a throttle valve which is placed between chamber
and the turbo molecular pump. In all cases a mixture of 40 sccm
Ar and 5sccm N, was injected to the chamber and all films are
approximately 47 nm thick while the growth temperature was
maintained at 400 °C. Figure 15 shows the film density and
surface roughness versus the discharge operating pressure for
HiPIMS grown films with both strong and weak magnets. We
see that the film density decreases with increased discharge
pressure while surface roughness increases. As before, we see
that using weaker magnet leads to lower density and higher
surface roughness.

By increasing the pressure, slight lowering of the discharge
voltage is needed to reach the same average power while the
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maximum current increases as seen in figure 16(a). There is
also a shorter delay between the initiation of the voltage pulse
and discharge ignition with increased discharge pressure as
seen in figure 16(b). This can be understood because electrons
can cause ionizing collisions earlier and the ionization may be
occur closer to the target at higher pressure [43].

Liao et al [61] explored the influence of pressure on the
crystallographic structure of 8-VN films. At a low pressure
of 0.5 Pa, the peak at 43.6° dominated in the XRD spectrum,
which is the reflection of the cubic 6-VN(200) texture while
at 1.0 Pa, only a weak sign of the (200) texture is observed,
and the (11 1) texture dominates at 2 Pa. Similarly we find that
the (200) texture is dominating at 0.75 Pa (not shown) and it
changes to the (11 1) texture being dominating at 1.3 Pa when
6-VN films are grown by HiPIMS.

4. Conclusion

We demonstrate the growth of vanadium and vanadium nitride
thin films using both dcMS and HiPIMS while varying the magn-
etic field strength. We found that HIPIMS growth leads to denser
films and smoother surfaces than films grown by dcMS. The
films grown by HiPIMS with strong magnetic confinement are
generally denser and exhibit lower surface roughness. Lowering
the magnetic field strength increases the deposition rate signifi-
cantly for reactive HIPIMS while it increases only slightly in the
reactive dcMS case. We explored the vanadium nitride HIPIMS
deposition at various nitrogen flow rates, different thicknesses,
growth temperatures, discharge voltages and operating pressure.
‘We see that mixture of 5sccm N, and 40scem Ar is sufficient to
grow 0-VN polycrystalline films. Increasing the growth temper-
ature and discharge voltage as well as lowering the deposition
pressure leads to the denser films. The density of the 6-VN
film decreases with increasing film thickness and thicker films
exhibit larger grain size. For all the films explored, higher den-
sity coincides with lower surface roughness. For all of the cases
we also show the influence of the process parameters on the dis-
charge voltage and discharge current waveforms.
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ARTICLE INFO ABSTRACT

We report on the effect of varying the substrate bias on the morphology, composition, structural, and electrical
properties of vanadium nitride films deposited by high power impulse magnetron sputtering (HiPIMS). The
optimum substrate bias is found to be —50V, which gives the highest film density, the lowest electrical re-
sistivity, and the lowest surface roughness at the highest deposition rate. We demonstrate how increasing the
substrate bias voltage leads to a highly textured film. The preferred orientation of the film changes from (111) to
(200) as the substrate bias voltage is increased. An X-ray pole scan shows that the (111) plane grows parallel to
the SiO, substrate when the substrate is grounded while it is gradually replaced by the (200) plane as the
substrate bias voltage is increased up to —200 V. The lowest electrical resistivity is measured as 48.4 uQ2 cm for
the VN film deposited under substrate bias of —50 V. This is among the lowest room temperature values that
have been reported for a VN film. We found that the nitrogen concentration presents a decline by 6.5 percentage
points as the substrate bias is changed from ground to —200 V.

Keywords:

Vanadium nitride

Magnetron sputtering

Substrate bias

High power impulse magnetron sputtering
HiPIMS

1. Introduction

Nitride based coatings have been widely studied and have a range of
applications due to their unique physical and mechanical properties.
Some of the transition-metal (TM) nitrides such as VN, TiN, TaN and
NbN exhibit the cubic B1 NaCl structure at room temperature [1, 2].
Those transition metal nitrides that belong to group IVb-Vb-VIb (in-
cluding TiN, ZrN, HfN, VN, NbN, TaN, MoN, and WN) belong to the
category of conductive ceramics and exhibit rather good electrical
conductivity [3]. Furthermore, the vanadium nitride thin film is known
for its hardness [4], in particular when arranged in TiN/VN multilayers
[5], good chemical stability, high melting point of 2593 K ([6], p.451)
as well as superconductivity below 8.6 K [7].

High power impulse magnetron sputtering (HiPIMS) utilizes uni-
polar high voltage pulses, that are applied at low duty cycle, and low
repetition frequency, which gives high electron density and a high io-
nization fraction of the sputtered material [8, 9]. This high ionization
fraction of the sputtered material leads to dense [10], almost void-free
films [11], with smooth surfaces [12, 13], and low electrical resistivity
[14, 15]. However, the deposition rate tends to be lower than for
conventional dc magnetron sputtering (dcMS) [10, 16]. Earlier, we
have shown that HiPIMS deposition of TiN films produces denser films
at lower deposition temperatures that have significantly lower

electrical resistivity, and lower surface roughness [13] than dcMS de-
posited TiN films on SiO, at all deposition temperatures [15]. There we
also demonstrated that these films are more resistant to oxidation than
the dcMS deposited films. The largest change in resistivity was observed
for films deposited at room temperature. More recently, Jablonka et al.
[14] compared the resistivity of HiPIMS and dcMS deposited Co thin
films. They reported resistivity as low as 14 and 35 pQ2 cm for film
thicknesses of 40 and 6 nm, respectively, using a HiPIMS process with a
substrate bias of —300V, significantly lower resistivity than for dcMS
deposited Co films.

The ion bombardment during the deposition process is known to
play an important role in dictating the mechanical and electrical
properties of thin films as it is known to influence the film morphology,
structure, and composition [17, 18]. The ion bombardment energy can
be controlled by applying a negative bias voltage to the substrate. This
can significantly modify the film properties due to enhancement of
adatom mobility along with direct effects of the ion bombardment. It is
known that the HiPIMS deposition process offers much higher metallic
ion fraction than conventional sputtering like dcMS [8, 16]. In order to
make use of this high ionization fraction a substrate bias voltage needs
to be applied properly to attract the ions toward the substrate as well as
to control the kinetic energy of the ions. However, there have been
rather limited investigations on the effect of substrate bias voltage on
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the microstructure and properties of HiPIMS deposited films, and in
particular, on thin transition metal nitride films. Ding et al. [19] were
able to change the preferred orientation of a reactively HiPIMS de-
posited NbN film from (200) to (111), along with rapid decline in the
films surface roughness, with increasing substrate bias voltage, while
they did not observe any remarkable stoichiometry dependency. Gui-
maraes et al. [20] investigated the effect of substrate bias voltage on
dcMS and HiPIMS deposited CrN films at various repetition frequencies.
They optimized a preferential orientation of (311) when a substrate bias
of —60V was applied and related this preferred orientation to higher
observed hardness for HiPIMS deposited films. Furthermore, HiPIMS
deposited films showed higher hardness and lower surface roughness
than dcMS deposited films throughout the investigated range of sub-
strate bias. Also Kong et al. [21] deposited CrN thin films using medium
frequency magnetron sputtering while applying various negative sub-
strate bias voltages. As the negative substrate bias voltage was raised
from —100V to —300V, a strong CrN (111) texture appears while the
surface roughness decreased dramatically. However, tensile stresses
were generated in the films. Further increasing the substrate bias vol-
tage up to —500 V leads to a change in the preferred texture from (111)
to (200), along with increased surface roughness, and development of
compressive stresses. Furthermore, the films grain size decreased along
with decreased deposition rate, with increased substrate bias voltage.
Also it has been demonstrated that the substrate bias voltage can con-
tribute to a change in the preferred orientation in TiN-MoS, composite
films deposited by pulsed dc sputtering [22].

Earlier we studied and compared the growth and film properties of
vanadium and vanadium nitride films deposited by HiPIMS and dcMS
[23]. There we explored the influence of the magnetic field strength,
cathode voltage and working gas pressure on the deposition rate, the
film structure and morphology. Here, we study and compare the growth
and film properties of vanadium nitride films deposited by HiPIMS as
we vary the substrate bias. We explore the influence of the substrate
bias on the deposition rate, the film structure, texture, composition and
electrical resistivity. In Section 2 we discuss the deposition arrangement
and growth method and the characterization methods applied. In
Section 3 we discuss how the film properties of vanadium nitride films
vary for different substrate bias. Section 4 summarizes our findings.

2. Experimental apparatus and method

The vanadium nitride thin films were deposited by magnetron
sputtering in a custom built chamber [24]. The chamber base pressure
was 4 X 10™° Pa. The working gas was argon of 99.999% purity mixed
with nitrogen gas of 99.999% purity. An Ar/N, mixture consisting of
gar = 40sccm and gny = 5scem was injected into the chamber. We
have shown previously that this mixture is appropriate to deposit cubic
polycrystalline §-VN films [23]. The total working pressure was main-
tained at 0.9 Pa by a throttle valve. The vanadium target was 75 mm in
diameter and of 99.95% purity and 6.35 mm thick and was almost 50%
eroded at the racetrack center.

The substrates used were thermally oxidized Si(001) up to an oxide
thickness of 1um. During deposition the substrate temperature was
maintained at 400 °C with a 1.5in. (3.8 cm) diameter circular plate
heater, separated from the substrate holder by a 2mm gap. The sub-
strate holder design is described in more detail by Arnalds et al. [24].
The depositions were performed for various dc substrate bias condi-
tions.

For HiPIMS deposition, the power was supplied by a SPIK1000A
pulse unit (Melec GmbH) which was operated in the unipolar negative
mode at constant voltage, which in turn was charged by a dc power
supply (ADL GS30). The discharge current and voltage was monitored
using a combined current transformer and a voltage divider unit (Melec
GmbH). The pulse length was set at 200 us and the pulse repetition
frequency was kept at 100 Hz throughout this study. The waveform
data were recorded with a digital storage oscilloscope (Agilent
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Table 1
Measured and calculated specifications of the magnet.
Center Ring MFD of MFD of Magnetic ~ Magnetic K K¢
diameter ~ diameter  center ring flux of flux of
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Fig. 1. GiXRD pattern from vanadium nitride films which were grown by
HiPIMS at different substrate bias voltage at 0.9 Pa, 250 W average power, pulse
length of 200 ps and repetition frequency of 100 Hz.

54624A). For dcMS deposition, a dc power supply (MDX 1 K, Advanced
Energy) was connected to the magnetron target. For all films, deposi-
tions were made at 250 W average power. The magnetron magnet is
3in. in diameter and was purchased from Angstrom Sciences. Table 1
summarizes measured and calculated specifications of the magnet. For
the magnet, the average out of plane and in plane magnetic fields are 4
and 36 mT over the race track, respectively. Moreover, the imbalance
coefficient K is calculated as the ratio of the magnetic fluxes of the
center magnet and the outer magnetic ring. A value of K = 1 indicates a
balanced magnetron. The geometrical imbalance coefficient K is the
ratio of the distance between the magnetic zero of the magnetron (the
point along the middle axis where B, changes its orientation, i.e.
B, = 0) and the target surface, and the diameter of the erosion rill on
the target [25, 26]. Further details on calculations and definitions of the
two coefficients can be found in the work of Svadkovski et al. [25].

X-ray diffractometry (XRD) was carried out using a Philips X'pert
diffractometer (Cu K,, wavelength 0.15406 nm) mounted with a hybrid
monochromator/mirror on the incident side and a 0.27  collimator on
the diffracted side. A line focus was used with a beam width of ap-
proximately 1 mm. Grazing incidence (GI)XRD scans were carried out
with the incident beam at 6 = 1. The film thickness and density were
determined by low-angle X-ray reflectivity (XRR) measurements where
the angular resolution was 0.005 . The XRR data was fitted using Parrat
formalism [27] for reflectivity. A low density surface layer had to be
added on top of the film in order to achieve a good fit. This is due to a
formation of oxide or oxynitride surface layer after the films were re-
moved from the vacuum chamber, as previously observed [28].

X-ray pole scans were performed which enable detecting the texture
evolution in sputtered films [29]. Briefly, a pole scan is done for a
specific d-spacing, i.e. a fixed 6 — 20 peak while the specimen is rotated
in-plane (¢) at different out-of-plane () angles. Normally, a single pole
scan is not enough to fully determine the orientation distribution within
a specimen. To this end, pole figures were obtained for the (111), (200)
and (220) planes at corresponding peak location. However, since our
films are polycrystalline the main focus of the present study is on the
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Fig. 2. Pole figures of (111) and (200) planes for vanadium nitride films which were grown by HiPIMS for various substrate bias voltages, at 0.9 Pa, 250 W average

power, pulse length of 200 ps and repetition frequency of 100 Hz.

Table 2

Nitrogen amount in VN films deposited by varying substrate bias voltage.

Substrate bias voltage [V]

Nitrogen content [%]

54.52
51.60
50.61

128

pole figure for the (111) and the (200) planes. The pole scans were
performed at 26 peaks of 37.611, 43.697 and 63.533" for each sample
using 0.25 slit and 90 and 360" rotation respectively for y and ¢ with a
step size 3" and 4 s counting time at each step. The pole figures of a bare
substrate were subtracted from the original pole figures of the films for
clarity.

Electron microprobe analysis (EMPA) was acquired with the JEOL
JXA-8230 Superprobe at the Institute of Earth Sciences, University of
Iceland. For all analyses the operating potential and the beam current
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Fig. 4. The resistivity and thickness of vanadium nitride films deposited as a
function of substrate bias voltage. All films are deposited at 0.9 Pa, 250 W
average power, pulse length of 200 ps and repetition frequency of 100 Hz.

were 15keV and 10 nA respectively. A spot size of 10 pm was used for
all analyses. A VN film was used as a standard for nitrogen. For ni-
trogen, the counting time was 480 s on the peak and 120s for each of
the lower and higher backgrounds. To minimize the effect of noise, an
average of 5 measurement points on each sample is reported.

The electrical resistivity of the VN films was measured using a linear
four-point probe station with a tip diameter of 200 um and a probe
distance of 1 mm. Voltage-current waveforms were recorded through a
Kiethley 2400 source meter and custom made Labview software. The
current was swept from —100mA to 100 mA and the corresponding
voltage was recorded. To minimize the error arising from placement of
the probes the resistivity was averaged over four separate measure-
ments on each sample.

3. Results and discussion

Fig. 1 shows the GiXRD pattern for films which were deposited by
HiPIMS with substrate bias voltages at 0, —50, —100, —150 and
—200 V. At grounded substrate the peak at 260 = 37.695 is dominant in
the GiXRD pattern. This peak has been assigned to the cubic fcc §-VN
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(111) [30, 31]. The peak at 26 = 43.805 is assigned to the cubic fcc &-
VN(200) and the peak at 26 = 63.678" to the cubic §-VN(220). One can
see that, by increasing bias voltage to —50V, the (200) peak is sig-
nificantly intensified and becomes the dominant one. Increasing the
bias voltage further up to —200V leads to a gradual decrease in the
(200) intensity while that still remains the dominant peak. Since the
substrate bias voltage affects the GiXRD pattern remarkably, it is likely
to change the texture of the VN film. To explore the film texture, the
pole figures of the (111) and the (200) planes for VN films deposited at
different substrate biases are displayed in Fig. 2. It can be seen that the
film deposited at grounded substrate has uniformly distributed or-
ientation of (200) planes while the (111) planes show an intense spot
around w = 0 indicating considerable <111> texture normal to the
substrate. However, when the substrate is biased at —50V the (200)
planes exhibit a ring at y = 20" along with an intense spot at y = 0 for
(111) planes. Thus, there is a competition between these planes to grow
normal to the substrate and in this regard the <111) texture is domi-
nant. Increase of the substrate bias to —100 V causes the <111 texture
to disappear but the (200) plane shows up at y = 15 with respect to the
substrate normal. Further increase in the substrate bias results in
dominant <200> texture normal to the substrate. The results of the
GiXRD scans and the symmetric pole figures are in complete agreement.
For instance, the samples biased at —50 and — 100 V show higher in-
tensity of the (200) peaks than higher biased samples. This can be ex-
plained by the GiXRD configuration i.e. the (200) peak is detected
under an angle with respect to the substrate normal and thus, the (200)
peak shows higher intensity in off-normal texture.

Another parameter which describes the VN films stoichiometry is
the percentage of nitrogen in the film. To measure the contribution of
nitrogen in the VN films, electron micro-probe analysis (EMPA) were
carried out. As presented in Table 2, the VN film deposited with
grounded substrate shows the highest nitrogen content of 54.52%. As
the negative substrate bias is increased, the films become more vana-
dium rich. At substrate bias voltage of —200V, only 48.02% of the film
is made of nitrogen which is 6.5 percentage points lower than for VN
film deposited with grounded substrate. It may be described by the
atomic mass of N (14 u) which is lighter than V (50.9 u). Thus, N atoms
are prone to being sputtered by impinging ions with higher ion bom-
barding energy. Kong et al. [21] reported a decrease of the nitrogen
concentration in CrN film when the substrate bias voltage is raised from
—300V up to —500V. However, for substrate bias between —100
and — 300 V the nitrogen amount presents only a slight increase. Based
on the fact that CrN has the fcc structure, they argued that pure ni-
trogen layers and pure chromium layers alternately sit in the (111)
planes, whereas the (200) planes include both nitrogen and chromium
atoms. This suggests that the (200) plane is not a favorable accom-
modation for nitrogen atoms. It is argued that the N concentration
would decrease as the (200)-oriented structure is dominating in the
film. The same explanation can be used for the VN films due to the same
structure and (200) being the dominant orientation (Fig. 1).

Fig. 3 gives information about the development of the film density,
deposition rate, and surface roughness as the substrate bias is varied.
Overall, the data extracted from the XRR measurements exhibit that VN
film deposited at —50V substrate bias is the most dense, with the
highest deposition rate and the lowest surface roughness among all the
films. In terms of density, the film deposited with —50 V substrate bias
has mass density of 6.03 g/cm® which is significantly denser than the
one deposited with grounded substrate with 5.60 g/cm® which is the
lowest density among the films. Increasing the substrate bias voltage to
—100V leads to a slight density decrements to 5.93 g/cm®. At higher
substrate bias voltages, up to —200V the film densities remain almost
unchanged (Fig. 3(a)). The deposition rate was calculated from the
measured film thickness and the corresponding deposition time. As can
be seen in Fig. 3(b) deposition rate at —50 V is 1.09 nm/min which is
slightly higher than for the film deposited at 0V (grounded substrate)
(1.03 nm/min) while at higher bias voltages the deposition rates are
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1.04, 0.92, and 0.77 nm/min at —100, —150 and — 200V substrate
bias, respectively. There are numerous data in the literature that report
that the higher the absolute value of the substrate bias voltage, the
lower the deposition rate [21, 32, 33]. A decline in the deposition rate
under substrate bias voltage higher than —100V can be explained by
an increase in re-sputtering effect on the growing films as a con-
sequence of high energy ion bombardment. Fig. 3(c) depicts how ap-
plying the bias voltage to the substrate can result in remarkably
smoother VN film surface. Similar to the film density, —50V is the
optimal substrate bias to achieve a smooth surface apposed to the
grounded substrate which leads to the roughest surface (0.47 nm and
8.2 nm average surface roughness, respectively). By increasing the bias
voltage beyond —50V, the VN films become slightly rougher. This
behavior was seen previously in CrN growth where the turning point is
observed at substrate bias voltage of —200V [21]. Low roughness at
—50V is related to increased atomic movement and densification of the
film material as a result of the increased ion flux and ion bombarding
energy as the substrate bias is increased while the substrate voltage is
low. Bombardment by higher energy ions increases the production of
surface defects and thus roughens the film surface.

The electrical resistivity and thickness of the VN films are presented
in Fig. 4. The resistivity ranges from 48.4 to 81.1 puQ cm. The film re-
sistivity increases linearly, from this lowest value, with increased sub-
strate bias. Thus the films deposited at substrate bias of —50
and — 200 V exhibit the lowest and highest resistivity, respectively. The
low resistivity of the film deposited at —50 V substrate voltage can be
attributed to the high density and low surface roughness of the film.
From Fig. 4 it is evident that increasing the substrate bias voltage leads
to higher electrical resistivity. The film deposited with grounded sub-
strate shows a resistivity of 77.8 uQ cm which is close to the resistivity
of a VN film deposited at —150V substrate bias. The films thickness
ranges from 63 to 75nm. Thus the films have similar thickness and
surface roughness but the resistivity increases with increased sample
bias. We also note that there is broadening of the (200) peak with in-
creased substrate bias, as seen in Fig. 1, which indicates smaller grain
size with increased substrate bias, that may explain the increasing film
electrical resistivity. It is worth noting that electrical resistivity of 48.4
uQ cm, observed for films deposited with substrate bias of —50V, is
among the lowest resistivities which are reported in literature for the
VN thin film. The lowest room temperature resistivity of VN thin films
that has been reported is 50 pQ cm [34] and 40-100 uQ cm [35] for
reactively dc sputtered single crystal films, 105 uQ cm rf magnetron
sputtered films from a compound target [36], and 120 uQ cm for atomic
layer deposited (ALD) films [37].

4. Conclusion

We explored the effect of substrate bias on the structure, texture,
composition and electrical resistivity of HiPIMS deposited VN films. It
was shown that the substrate bias voltage changes the dominant peak
from (111) to (200) in the GiXRD pattern. Besides, unlike the VN film
deposited with grounded substrate, biased substrate leads to a highly
textured film. It is shown that a grounded substrate results in a con-
siderable <111) texture normal to the substrate. Low substrate bias
encourages off-normal <200 texture while high substrate bias leads to
only <200> texture normal to the substrate. From the XRR measure-
ments it is found that —50V is the substrate voltage which results in
higher density and deposition rate and lower surface roughness than
other substrate bias voltage. EMPA analysis indicates that a lower
amount of nitrogen is included in the VN films deposited at higher bias
voltage. Finally, 4-point probe resistivity measurement proves that al-
though low substrate bias voltage like —50V can increase the room
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temperature electrical conductivity of VN films, high substrate bias like
—200V can results in even higher film resistivity than deposition with
a grounded substrate.
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Abstract: We explored the effect of magnetic field strength |B| and geometry (degree of balancing)
on the deposition rate and ionized flux fraction Fg,, in dc magnetron sputtering (dcMS) and high
power impulse magnetron sputtering (HiPIMS) when depositing titanium. The HiPIMS discharge
was run in two different operating modes. The first one we refer to as “fixed voltage mode” where the
cathode voltage was kept fixed at 625 V while the pulse repetition frequency was varied to achieve
the desired time average power (300 W). The second mode we refer to as “fixed peak current mode”
and was carried out by adjusting the cathode voltage to maintain a fixed peak discharge current
and by varying the frequency to achieve the same average power. Our results show that the dcMS
deposition rate was weakly sensitive to variations in the magnetic field while the deposition rate
during HiPIMS operated in fixed voltage mode changed from 30% to 90% of the dcMS deposition
rate as |B| decreased. In contrast, when operating the HiPIMS discharge in fixed peak current mode,
the deposition rate increased only slightly with decreasing |B|. In fixed voltage mode, for weaker
|B|, the higher was the deposition rate, the lower was the Fy,x. In the fixed peak current mode, both
deposition rate and Fg,, increased with decreasing |B|. Deposition rate uniformity measurements
illustrated that the dcMS deposition uniformity was rather insensitive to changes in |B| while both
HiPIMS operating modes were highly sensitive. The HiPIMS deposition rate uniformity could be
10% lower or up to 10% higher than the dcMS deposition rate uniformity depending on |B| and
in particular the magnetic field topology. We related the measured quantities, the deposition rate
and ionized flux fraction, to the ionization probability a; and the back attraction probability of the
sputtered species B¢. We showed that the fraction of the ions of the sputtered material that escape
back attraction increased by 30% when |B| was reduced during operation in fixed peak current
mode while the ionization probability of the sputtered species increased with increasing |B|, due to
increased discharge current, when operating in fixed voltage mode.

Keywords: ionized physical vapor deposition; magnetron sputtering; high power impulse magnetron
sputtering (HiPIMS); ionized flux fraction; deposition rate
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1. Introduction

Conventional dc magnetron sputtering (dcMS) suffers from a low degree of ionization of the
sputtered material. High power impulse magnetron sputtering (HiPIMS) has emerged as a promising
alternative, providing a highly ionized material flux, while being compatible with conventional
magnetron sputtering deposition systems [1]. HiPIMS operation is characterized by a pulsed high
peak power in the range of several kW /cm? and consequently a high plasma density of up to 10! m—3
in the cathode target vicinity, which is up to three orders of magnitude higher than in dcMS [2]. Such
discharge conditions result in a significant increase of ionization of the sputtered neutrals, where
ionized flux fractions Fg,, well above 50% have been reported [3-5]. However, a high ionized flux
fraction commonly comes at a cost of lower deposition rate, which has thus far limited the use of
HiPIMS in industry [1,6].

Several reports demonstrate the lower deposition rate in (mainly non-reactive) HiPIMS when
compared to dcMS operated at the same average power [1,7]. The seminal work of Kouznetsov et al.
[3] reports up to 80% lower deposition rate for HIPIMS than for dcMS. Samuelsson et al. [8] compared
the deposition rates from eight metal targets (Ti, Cr, Zr, Al, Cu, Ta, Pt, and Ag) in pure Ar for both
dcMS and HiPIMS discharges applying the same average power. They observed HiPIMS deposition
rates in the range of 30-85% of the dcMS rates depending on target material.

There are several suggestions on the cause of the lower deposition rate observed in HiPIMS
deposition [2,7]. It is generally agreed on by the scientific community that back attraction of ionized
sputtered material to the target, quantified as back attraction probability B, plays a major role in the
reduction of the amount of sputtered particles reaching the substrate [9]. The reason is that atoms ionized
in the cathode region are likely to be back-attracted to the target due to strong electric fields in the
presheath and extended presheath [10,11]. Spatial measurements of the plasma potential in HiPIMS
discharges [11-14] have shown that there commonly is a potential uphill, from the cathode sheath edge
and reaching far outside the ionization region (several cm), that can vary in the range 7-100 V.

Several attempts have been made to increase the deposition rate in HiPIMS. This includes varying
the pulse length [15-17], varying the magnetic field strength |B| [13,18,19], modifying the magnetic
field geometry [20-22], adding an external magnetic field in the target vicinity [23], chopping the
pulse into a train of shorter pulses [24,25], and increasing the target temperature [26]. Several of these
reports propose that modifying the magnetic field, using either permanent magnets or electromagnets
[13,18,19,27], is one of the most promising approaches. For example, Capek et al. [18] showed that
lowering |B| in HiPIMS can have a profound effect on increasing the deposition rate. Using spacers of
different thicknesses behind the cathode to reduce |B| at the target (and also increasing the average
discharge voltages to achieve nominally similar power levels), the deposition rate of Nb was increased
by roughly a factor of 5. Similarly, Mishra et al. [13] found a six-fold increase in the deposition rate
of Ti by weakening |B| by 33%. Bradley et al. [19] reported on a deposition rate increase by a factor
of 2 for a Ti target when the magnetic field strength at the target was reduced by 45%. In addition,
while weakening |B| by 82% a factor of 2.6 higher deposition rate was observed while depositing
vanadium films by HiPIMS, although for the weaker magnetic field the films exhibited significantly
higher surface roughness and were not as dense [28].

There have also been a few attempts to modify the magnetic field geometry in order to improve
the deposition rate. This includes the work of Yu et al. [20], who used a 36 cm diameter magnetron
with a spiral-shaped magnet pack assembly to increase the plasma uniformity in the substrate vicinity
and to improve target utilization. More recently, Raman et al. [22] modified the magnetic field topology
of a HiPIMS discharge, which increased the deposition rate by up to a factor of 2 [22,29]. In the cited
studies, the modified magnet pack had a strong magnetic field region over three concentric race track
regions (referred to as a TriPack magnetron assembly), but the magnetic field strength fell off more
steeply than for a conventional magnet pack when moving away from the target surface. However,
those designs encounter some difficulties when scaled down to a smaller cathode size.
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The combined effect of weakening |B|, the correlation between the deposition rate increase and the
lower ionized flux fraction to the substrate, is still poorly understood. One reason is that most HiPIMS
studies on ionization indeed quantify Fg,,, but have so far not focused on changing the magnetic field
strength/topology. For example, Lundin et al. [5] explored the ionized flux fraction for Al, C and Ti
targets using a gridless ion meter. For a Ti target, they found an increase in the ionized flux fraction
from roughly 20% to 68% with increased peak discharge current density in the range of 0.7-2.5 A /cm?.
These values are in line with the work of Poolcharuansin et al. [30] (30-50%) and Kubart et al. [4]
(20-60%) for current densities in the range 1-2.5 A/ cm?. Another reason is that the studies on Fy,y did
not in parallel systematically investigate the deposition rate (or the change thereof). The exception
is the study of Raman et al. [31], who, in addition to the previously discussed deposition rate study,
also estimated the ionized flux fraction during HiPIMS operation using conventional and TriPack
magnetrons. They recorded an ionized flux fraction of Cu of approximately 5% for the conventional
magnetron and 16% utilizing the TriPack magnetron assembly, which indicates that optimization of the
magnetic field can in fact result in increased deposition rate as well as increased ionized flux fraction.

In the present study, we therefore systematically investigated the relationships among |B|,
the magnetic field geometry (level of balancing), the deposition rate, and the ionized flux fraction
during HiPIMS and dcMS operation. Such an approach enabled us to study the combined effects
of HiPIMS pulse parameters and magnetic configurations. In the analysis, we used the well known
materials pathway model [9,32] to assess both the ionization probability «; and the back attraction
probability B¢ from the experimental data. Finally, we attempted to explain our observations based on
the physics behind the transport of charged particles in these devices.

2. Materials and Methods

All experiments were carried out in a custom-built cylindrical vacuum chamber (height 50 cm
and diameter 45 cm) made of stainless steel. A base pressure of 4 x 107% Pa was achieved using a
turbo molecular pump backed by a roughing pump. The working gas pressure was adjusted to 1 Pa
by injecting 50 sccm Ar into the chamber and adjusting a butterfly valve located between chamber and
the turbo pump. The deposition system was equipped with a circular 4 inch diameter VTec Magnetron
assembly (Gencoa, Liverpool, UK). The magnetron assembly, as well as a probe holder used during
measurements, was mounted on movable bellows controlled with millimeter precision, as shown in
Figure 1. This made it possible to perform radial as well as axial scans with high precision. The absolute
magnetic field strength |B| as well as the geometry of the magnetic field (degree of balancing) above
the magnetron target was varied by displacing the center magnet (C) and the outer ring magnet at
the target edge (E) using two micrometer screws located on the outer side of the magnetron assembly.
We refer to each configuration using the displaced distance (in mm) of each magnet from the target
backing plate. Thus, the notation COEQ refers to a magnetron configuration where the center and outer
magnets touch the backing plate (zero displacement, i.e., the strongest magnetic field above the target).

In this work, we investigated seven different magnet configurations: COE0, C5E5 and C10E10,
COE5, COE10, C5E0, and C10EQ. For all of these configurations, the magnetic field above the target
was mapped using a Lake Shore 425 Gauss meter (Lake Shore Cryotronics, Westerville, OH, USA)
equipped with a Hall probe. The magnetic field distribution above the target for each configuration is
shown in Figure 2. Axial symmetry was assumed. For the configurations investigated, it was found
that a magnetic null point was always present, which means that all configurations ware categorized
as unbalanced type II [33]. The magnetic null was used as a measure of the degree of balancing.
The magnetic null point for the different cases was located at 43-74 mm from the target surface above
the target center and is given in Table 1 for each configuration. Note, however, that the case COE10 was
only weakly unbalanced, i.e., close to being balanced (z,,,; = 74 mm), whereas C10E0 was the most
strongly unbalanced (z,,; = 43 mm). Table 1 also lists the radial component of the magnetic field
strength next to the target surface over the race track |B; r¢|. These values were recorded at z = 11 mm,
which was the closest distance that could be probed for the B, component.
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Figure 1. A schematic of the magnetron sputtering chamber. The magnetron assembly and the probe
holder with the m-QCM are mounted on movable bellows that can be controlled with millimeter

precision. The red arrows indicate linear motion.

A dc power supply (SR1.5-N-1500, Technix, Créteil, France) and a HiPIMS power supply
(HiPSTER 1, Ionautics, Linkoping, Sweden) were used to ignite the discharge in dc and HiPIMS modes,
respectively. For both cases, an average discharge power was maintained at 300 W. The HiPIMS pulse
was always kept at constant length of 100 us and the discharge was regulated in two different ways.
The first mode is referred to as fixed voltage mode, and was realized by keeping the cathode voltage
fixed at 625 V and varying the pulse frequency to achieve the desired average power. The second
mode is referred to as fixed peak current mode and was realized by changing the cathode voltage
to maintain the peak discharge current at Ip peak = 40 A, corresponding to current density Jp peak =

0.5 A/cm? for the ionized flux fraction measurements, and Ippeak =80 A and Jp peak = 1.0 A/ cm? for

the measurements of deposition rate. Again, the pulse frequency was varied to achieve the desired

average power. The discharge parameters are summarized in Table 1 for dcMS operation and both
operating modes of HiPIMS for all the seven magnet configurations investigated.

Table 1. Discharge operating parameters for the investigated dcMS and HiPIMS discharges in fixed

voltage and in fixed peak current modes. The average discharge power was kept at 300 W for all
the discharges. For HiPIMS discharges, the pulse length was 100 pus while the pulse frequency was

varied to maintain a constant averaged power. The absolute magnetic field strength and the degree of

balancing was varied by displacing the center magnet (C) and the outer ring magnet at the target edge

(E). Each configuration is referred to using the displaced distance (in mm) of each magnet from the

target backing plate. In this notation, COEO refers to a magnetron configuration where the center and

outer magnets touch the backing plate.

Magnet dcMS HiPIMS HiPIMS HiPIMS
Fixed Voltage Fixed Peak Current Fixed Peak Current
Br,rt Znull Vb Ip Vb ID,peak fpulse Vb ID,peak fpulse Vb ID,peak fpulse
[Gauss] [mm] [V] [A] [V] [A] [Hz]  [VI] [A] [Hz]  [V] [A] [Hz]
COE0 238 66 339 0.885 625 80 54 510 40 143 555 80 60
COE5 217 70 308 0974 625 54 76 565 40 123 580 80 56
COE10 213 74 311 0964 625 35 115 650 40 111
C5E0 181 53 317 0946 625 53 80 557 40 129 582 80 58
C5E5 161 59 334 0926 625 36 97 655 40 97 649 80 295
C10E0 137 43 312 0961 625 31 134 660 40 99 636 80 295
C10E10 111 52 330 0909 625 12 450
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Figure 2. The measured magnetic field (flux density B) and field line directions for the various
magnetic field configurations. Normalized arrows indicate the magnetic field direction, the color scale
indicates the magnitude of the magnetic field [B| = /B? + BZ. The value of B, above the race track at
z = 11 mm is given in the inset for each case.

We captured the discharge current-voltage (Ip—Vp) waveforms when operating the HiPIMS
discharges at different magnet configurations. Figure 3a depicts the cathode voltage and Figure 3b
the discharge current for all seven magnetic field configurations explored when operating in fixed
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voltage mode. When moving both the central and outer magnets together, Ip pcax changed from 80 A
to 36 A to finally 12 A for the COEO, C5E5 and C10E10 magnet configurations, respectively. Figure 3b
shows that Ip peax occurred before the pulse end using the COEO configuration while for two other
magnet configurations the discharge current waveforms had an ascending trend over the entire pulse
length. The value of Ip peax Was more sensitive to the absolute strength of the magnetic field than to
the degree of balancing. The C5E0 and COE5 configurations gave Ip peax = 53-54 A and the C10E0 and
COE10 configurations 31-35 A. Figure 3¢ depicts the discharge current waveforms captured at fixed
peak current mode with various magnet configurations. Although Ip peak was very similar in all cases,
the current rise rate was different and as a result the discharge current peaked at different times. Note
that different cathode voltages were applied to achieve the same Ip jcax (see Table 1), but the voltage
was not correlated to the time of peak current. For example, the C5E5 magnet configuration exhibited
sharper current rise than COEO while the corresponding cathode voltage was 150 V higher than for the
COEO magnet. In contrast, looking at discharge current waveforms for the C5E0 and C10E0 magnets
showed that using the C5E0 magnet resulted in sharper current rise than the C10E0 magnet, although
the corresponding cathode voltage was approximately 100 V lower.

800

T
(a) Fixed voltage cathode voltage

600 b
Z.a00f E
53

200 b

0 ;

100 } } } }

(b) Fixed voltage COEO
CSE5 1]
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Figure 3. The HiPIMS discharge current and voltage waveforms recorded for various magnetic field
configurations: (a) the discharge voltage in fixed voltage mode; (b) the discharge current in fixed
voltage mode; and (c) discharge current in fixed peak current mode. The Ar pressure was set to 1 Pa.
The pulse width was 100 us at an average power of 300 W.

A quartz crystal micro-balance (QCM) with native frequency of 5 MHz and gold coated surface
was used to measure the deposition rate. It was mounted on the probe holder shown in Figure 1.
By moving the probe holder and/or the magnetron assembly, it was possible to investigate a region
defined by 0 < r < 50 and 20 < z < 70 mm, where r is the radial coordinate parallel to the target
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surface and z is the axial coordinate perpendicular to the target surface, and (r,z) = (0,0) marks
the center of the target surface. The center of the target race track was located at approximately
(r,z) = (30,0) mm. In this work, only axial material fluxes were investigated, i.e., mimicking a
conventional sputtering setup with a substrate facing the target surface.

The QCM sensor was also used as a main component in the ion meter (or gridless QCM/m-QCM)
used for measuring the ionized flux fraction Fp,y. The device is described in detail in a previous
work [4] and is here only summarized. The ion meter can measure either the deposition rate from
ions and neutrals or from neutrals only by varying a voltage applied to the biased top QCM electrode,
allowing for fast (roughly 1 min) determination of the ionized fraction of material flux to the sensor
head. The gridless sensor uses a magnetic field configuration consisting of a ferromagnetic yoke and
magnetic pole pieces (cylindrical SmCo magnets with a diameter of 8 mm and a length of 5 mm)
placed in front of the sensor. This configuration produces a localized homogeneous magnetic field of
about 4000 Gauss, which does not significantly affect the magnetic field of the magnetron assembly [4].
The QCM control unit with the oscillator was connected directly to the crystal electrode. The electrode
was either grounded for measurements of both ions and neutrals, or biased to +40 V to collect only the
neutrals without positive ions. The dc bias voltage was connected to the QCM collecting electrode
through a 1 kQ) resistor, to protect the crystal in case of arcing, and the ground of the oscillator and
the readout unit were connected to the crystal collecting electrode through a 150 nF capacitor such
that dc current was blocked while rf current could flow from the crystal through this capacitor back
to the ground of the oscillator and give a readout (see Figure 1). In this configuration, the top crystal
electrode could be readily biased without any influence on the QCM operation. The ionized fraction of
the metal flux R R

Fux = tTtnr @
was determined from the total mass deposition rate R and the mass deposition rate of neutral metal
atoms Ry, as discussed by Wu et al. [34]. The deposition rates were recorded by manually recording
the film thickness at a chosen time on a readout unit connected to the QCM. In addition, we tried to
minimize errors due to the QCM crystal heating up during the process by making short measurements
(typically less than 120 s). The total error of Fg,, was estimated to be up to 15% for a single result
mainly based on the accuracy of the mass deposition rate determination. Since the QCM electrode
was grounded during the measurement of the total deposition rate, no significant collimation of the
ions [35] was expected at this stage due to the low plasma potential, which potentially could introduce
additional errors in the measurements. The ion meter was mounted on the probe holder shown in
Figure 1 and could thereby map out the same region of interest as the standard QCM. However, due
to interference with the plasma discharge, it was not possible to move it closer than z > 30 mm.
In addition, high peak currents in the HiPIMS mode sometimes resulted in strong fluctuations of
(Rt — Rp), which meant that the HiPIMS series with fixed peak current had to be limited to Ippeak =
40 A (Jppeak =05 A/ cm?) when measuring Fyy.

3. Results

The deposition rates as well as the ionized flux fractions for each of the magnetron configurations
shown in Figure 2 and listed in Table 1 are presented here. For the deposition rate results, we chose to
focus on the data recorded at a typical target-to-substrate distance of z = 70 mm, which also includes
three radial points (r = 0,25,50 mm) to determine the expected film thickness profile at that axial
distance. However, the deposition rate was also recorded closer to the target and comparisons were
made where appropriate. Concerning the ionized flux fraction at z = 70 mm, we only show data
recorded above the target center, i.e., (r,z) = (0,70) mm, although all radial positions were used in
the analysis. We also show the flux fractions at (r,z) = (25,30) mm due to the interest in comparing
with other reports of Fg,y, which are typically recorded at the outer edge of the ionization region (the
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dense plasma region) above the target race track. We refer to the region where the substrate is typically
located as the diffusion region.

3.1. Deposition Rate

The deposition rates measured above the center of the target (r = 0 mm) at an axial distance of
70 mm (substrate position) are plotted as a bar chart in Figure 4 for the different discharge types as
well as all magnetic configurations investigated. The magnet configurations on the x-axis are ordered
from highest |B| at the left to the lowest |B| on the right. We have here used the recorded |B; x|
value above the race track as a measure of |B|. Overall, the dcMS discharges exhibited the highest
deposition rates independent of magnetron configuration, with deposition rates in a rather narrow
range (92-116 A/min). Much larger differences were observed for the HiPIMS discharge operated in
the fixed voltage mode, where the deposition rate varied between 45 A /min and 96 A /min. However,
for the fixed peak discharge current mode, the deposition rate varied between 34 A /min and 47 A /min
with an increasing trend of 38% larger deposition rate at the weakest |B| compared to the strongest |B|.

140
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120 - [ HiPIMS fixed current ]
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Deposition rate [A/min]
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COEO COE5  COE10  CS5EO0 C5E5  C10E0 C10E10
Magnetic configuration

Figure 4. The Ti deposition rate from both dcMS and HiPIMS discharges operated in fixed voltage
mode and fixed peak current mode using various magnetic field configurations, measured at 70 mm
axial distance over center of cathode. The magnet configurations on the x-axis are ordered from high
|B| at the left to low |B| on the right. The recorded |B; | value above the race track was used as a
measure of |B|.

Let us start by comparing the three cases COE0, C5E5, and C10E10, exhibiting the same magnetic
topology but approximately a reduction of 63% of the absolute magnetic field strength at the center of
the target surface and a reduction of |Byrt| by 53% (configurations COEO and C10E10). For the dcMS
discharges, only small differences were found. The strongest magnetic field (COE0) showed the lowest
deposition rate (92 A /min) and the weakest magnetic field (C10E10) showed the highest deposition
rate (103 A/min), i.e., a deposition rate increase of 11%. The HiPIMS discharges operated in fixed

voltage mode showed a much more pronounced deposition rate dependence on changes in |B|, where
a weaker |B| resulted in a considerably higher deposition rate. For example, COE0 exhibited the lowest
deposition rate (45 A /min) and C10E10 the highest deposition rate (96 A/min), i.e., a rate increase of
113%. It was also observed that this latter HiPIMS case resulted in a deposition rate, which was around
90% of the dcMS rate, i.e., a significantly higher value than what is commonly reported for HiPIMS,
as discussed in the Introduction. In contrast, the HiPIMS discharges operated in fixed peak current
mode exhibited smaller changes in the measured deposition rate when |B| was varied, as observed
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when comparing cases COEQ and C5E5 (no data from C10E10), about 38% increase of the deposition
rate when weakening |B|. In this discharge mode, the HiPIMS deposition rate was around 40% of the
dcMS rate for the equivalent magnetron configurations, which was closer to the value of 30% reported
by Samuelsson et al. [8].

For completeness, it is also noted that a significant deposition rate increase could be achieved
at closer target-to-substrate distances, as expected. The highest deposition rate values, independent
of discharge type and magnet configuration, were recorded at the closest axial distance investigated,
z = 20 mm, with on the average, 2.3, 2 and 1.9 times higher values for dcMS, fixed voltage and fixed
peak current HiPIMS discharges, respectively, compared to the values measured at z = 70 mm (results
not shown here). In general, similar trends in the deposition rate for the different configurations
investigated were observed at all distances from the target. However, the closer was the distance to
the target, the larger was the radial variation in the recorded deposition rates, which is generally not
desired in thin film deposition.

To address the issue of the expected radial film thickness profile at the substrate position,
the relative standard deviation (RSD) of the deposition rate was calculated from recorded deposition
rates at three radial points, ¥ = 0,25,50 mm at z = 70 mm from the target surface. RSD is a standardized
measure of dispersion of a probability distribution or frequency distribution. It is often expressed as a
percentage, and is defined as

RSD = 100% )

where ¢ is the standard deviation and y is the mean of the dataset. The standard deviation of the
deposition rates was calculated as the square root of its variance. Overall, we found a weak trend of
decreasing RSD with increasing degree of magnetic balancing. This is illustrated in Figure 5, where
the magnet configurations on the x-axis are ordered with increasing z,,,,j (increasing degree of magnetic
balancing) from left to right (see Table 1).
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Figure 5. The RSD of Ti deposition rates from both deMS and HiPIMS discharges operated
in fixed voltage mode and fixed peak current mode using various magnetic field configurations.
The rates measured at 70 mm axial distance over center, race track and edge of cathode. The magnet
configurations on the x-axis are ordered with increasing z,,,,;; from left to right.

In addition, the deMS discharges exhibited the lowest sensitivity to |B|, as can be seen when

comparing the three cases COEO, C5E5, and C10E10. Note that this does not imply that the coating
uniformity was the best since RSD was still rather high. Changing the magnet configuration from
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weakly to strongly unbalanced configurations (COE5 to C5EQ and COE10 to C10EQ) barely affected the
dcMS deposition rate uniformity, which remained in the range of 16% to 19%.

The deposition rate of a HiPIMS discharge operated in fixed voltage mode exhibited the most
uniform deposition rate profile of all cases investigated when using the C5E0 magnetic field geometry
with RSD of 12%. The COE5 and COE10 configurations led to similar RSDs (15%). The lowest uniformity
(highest RSD) achieved was observed for C10EQ, just below 20%, i.e., similar to the corresponding
dcMS value. In the fixed peak current mode, the maximum RSD recorded was 22% for C10EQ and
C5E5, while using COE5 and C5EQ resulted in RSD values of 14% and 16%, respectively. A similar
analysis of the fixed voltage HiPIMS mode showed that the highest RSD was 23% when using the
C10E10 configuration and the lowest RSD was 12% with the C5E0 configuration. For the strongest
|B| case COEO, the deposition rate profile was similar to the dcMS case. However, the RSD values
found for the fixed peak current HiPIMS mode were generally higher with RSD of 19% for COEO
and RSD of 22% for C5E5. Overall, the deposition uniformity was more dependent on the magnetic
configuration than the discharge type. Moving closer to the target (z = 20 mm), the deposition rate
became significantly less uniform (about two times higher RSD values) compared to a typical substrate
position (z = 70 mm).

3.2. Ionized Flux Fraction

The ionized flux fractions Fg,,x measured above the center of the target (r = 0 mm) at an axial
distance of z = 70 mm are plotted as a bar chart in Figure 6 for the two HiPIMS operating modes (fixed
voltage and fixed peak current modes) as well as for all magnet configurations investigated. Note that
the magnet configurations on the x-axis are now ordered from highest |B| at the left to the lowest |B|
on the right where, again, |B, | from Table 1 was used as a suitable indicator of |B|. No dcMS values
are presented here, since Fy,,x was always very close to 0%, i.e., within the margin of error, and thus in
line with the results reported by Kubart et al. [4] using the same technique.

T T T
I Fixed voltage
18l I Fixed current |

COEO COE5  COE10  CS5EO0 C5E5  C10E0 C10E10
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Figure 6. The Ti ionized flux fraction in a HiPIMS discharge using various magnet configurations
measured at 70 mm axial distance over the center of the cathode. The discharge is operated in the
HiPIMS fixed voltage and fixed peak current modes. The magnet configurations on the x-axis are
ordered from high |B| at the left to low |B| on the right. The recorded |B; i¢| value above the race track
was used as a measure of |B|.

Figure 6 shows that the ionized flux fraction decreased with decreasing |B| when the HiPIMS
discharge was operated in fixed voltage mode. For the HiPIMS discharges operated in fixed
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voltage mode, significant differences were found when comparing the three cases COEO, C5E5,
and C10E10 (reduced absolute magnetic field strength |B|, while maintaining the same magnet
topology). The strongest magnetic field (COEO) showed the highest Fg,,x (18%) and the weakest
magnetic field (C10E10) showed the lowest Fy,x (4.7%). In the fixed voltage mode, Fy,x seemed to
decrease with the decreased absolute magnetic field strength |B| which is correlated with the peak
discharge current presented above in Figure 3. This is analyzed in more detail in the next section.
However, the corresponding HiPIMS discharges operated in fixed peak current mode clearly did not
exhibit such a behavior. Instead, the ionized flux fraction Fg, increased slightly with decreasing |B|.
The ionized flux fraction increased from 11% to 16.8% when comparing cases COEQ and C5E5 (no data
from C10E10), i.e., by a factor 1.5 when decreasing |B|.

When focusing on changes in the degree of balancing, i.e., comparing the configuration pairs
COE5/C5E0 and COE10/C10EQ, the following observations could be made. For the HiPIMS discharges
operated in fixed voltage mode, it was somewhat surprising that the highest Fg,,x was recorded for the
weakly unbalanced COE5 configuration (16%), whereas the most strongly unbalanced configuration
C10EQ exhibited a much lower value (8.5%), although there was only a small difference compared to
C5E0 and COE10. Any influence on Fgyy from the unbalance was masked by the strong influence of the
peak discharge current values on Fg,,x. For the HiPIMS discharges operated in fixed peak current mode,
the trend observed for Fy,, (Figure 6) was somewhat more expected. The more strongly unbalanced
cases exhibited higher Fg,,, with a maximum of 17.2% for C10EQ.

In addition, by making radial scans of Fg,,, we attained radial profiles at z = 70 mm in the fixed
voltage mode (not shown here). In general, only minor differences compared to the results at r = 0
mm were observed. The maximum Fy,,, was commonly reached above the target race track position,
and it was approximately 2-5 precentage points higher compared to the values reported in Figure 6.
However, a few exceptions are worth noting. For the strong |B| configuration COEO, there was a
sudden jump in Fg,,x towards the region above the target edge (» = 50 mm). Here, Fg,x increased to
27% compared to just below 20% above the target center and race track. In addition, the configuration
C5ES5 exhibits a striking increase in Fy, compared to the result presented in Figure 6, and Fy,y peaks
at 11.5% above the target race track compared to 8.5% above the target center.

We now turn to investigate Fg,, in the ionization region, since this would provide a better basis
for comparison with other reports of the ionized flux fraction, as discussed in the Introduction.
Furthermore, these values were indispensable for our ongoing modeling efforts of the internal
parameters in HiPIMS using the ionization region model [36,37]. Measurements were therefore
taken above the target race track at (r,z) = (25,30) mm and a summary is shown in Figure 7.

For HiPIMS discharges operated in fixed voltage mode, we observed the same general trend as
shown in Figure 6 but with approximately a 72% increase in Fp,, for COE10 and C5EQ, 66% increase
for COEO, 55% increase for C5E5 and C10EO, 12% increase for COE5, and almost no change for C10E10
compared to Fy,, measured at (r,z) = (0,70) mm. However, HiPIMS discharges operated in fixed
peak current mode clearly did not exhibit such a behavior. Instead Fg,x using COEO showed 55%
increase and reached 17% while Fg,, of C5E5 remained at 17% with no change compared to our
measurements at 70 mm (Figure 6). By focusing on changes in the degree of balancing, 17%, 34%
and 54% increases in Fg,,, were observed using COE5, COE10, C5EO, respectively, while C10E0 showed
negligible change compared to what is shown in Figure 6. As a consequence, the C5EO configuration
led to the highest Fqy (20.5%) over the race track and z = 30 mm. In the fixed peak discharge current
mode with peak current density of Jp peax = 0.5 A/ cm?, the measured values were in the range
14.2-20.5%. For comparison, Lundin et al. [5] reported ionized flux fraction in the range 22-31%,
over the race track 40 mm from the target surface, increasing with increased working gas pressure in
the range 0.5-2 Pa for a Ti target when operating at peak current density of Jp peax = 0.5 A/ cm?, pulse
length 100 ps, and time averaged power of 200 W. Similarly, Kubart et al. [4] reported ionized flux
fraction of 24% 43 mm above the target race track for a Ti target with argon as the working gas at 1 Pa
and operating at peak current density of Jp peak = 0.5 A/ cm? for 100 s long pulses and time averaged
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power of 200 W. The values reported here were thus somewhat lower than the values reported in these
earlier studies.

T
I Fixed voltage
[ Fied current

COEO COE5 COE10 C5E0 C5E5 C10E0 C10E10
Magnetic configuration

Figure 7. The Ti ionized flux faction in a HiPIMS discharge using various magnet configurations
measured at 30 mm axial distance over the center of the cathode. The discharge was operated in the
HiPIMS fixed voltage and fixed peak current modes. The magnet configurations on the x-axis are
ordered from high |B| at the left to low |B| on the right. The recorded |B; r¢| value above the race track
was used as a measure of |B|.

4. Discussion

4.1. Discharge Physics

As a background to how the magnetic field influences the ionized flux fraction and the deposition
rate, let us discuss how it influences the discharge physics. The magnetic field in sputtering magnetrons
makes the discharge more efficient through two mechanisms, Ohmic heating and electron confinement.
Ohmic heating [38,39] allows for energizing the large majority of the electrons, those that are created
by ionization within the plasma discharge, in addition to the energization through acceleration across
the cathode sheath of the small minority of electrons that are created by secondary emission at the
target [40]. Electron confinement adds further to the efficiency by reducing the loss of the energetic
electrons out of the discharge volume (the ionization region). The magnetic field therefore enables
more ionization for a given input energy. Since most of the discharge current at the target surface
is carried by ions [36], this results in a higher discharge current for a given voltage. This effect was
clearly observed in our experiments. Figure 8 shows two sets of data, both plotted as functions of the
magnetic field strength at the race track center, i.e. |By | in Table 1: the peak discharge current when
operating at fixed voltage, and the discharge voltage when operating at fixed peak current. Let us first
look at the fixed voltage case. The peak discharge current varied with |B| as expected, from 12 A for
the weakest magnetic field, configuration C10E10, to 80 A for the strongest |B| configuration, COEQ
(Figure 3b). Extrapolation to weaker |B| indicated that, below about 50 Gauss, it would not be possible
to ignite a discharge at the set pressure. The fixed peak discharge current case confirmed this picture.
A higher voltage was needed to drive the discharge for weaker |B|, and, for the weakest |B|, a 40 A
discharge could not be reached due to the voltage limitation of the power supply.
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Figure 8. The peak discharge current (left y-axis) when operating in fixed voltage mode (Vp = 625 V)
and the discharge voltage (right y—axis) when operating in fixed peak discharge current mode
(Ip,max = 40 A) as a function of the magnetic field strength over the race track (B;,t in Table 1). o all
magnets moved together (COEO, C5E5, and C10E10) and fixed voltage operation, + magnets mixed
(COES5, C5E0, C10E0 and COE10) and fixed voltage operation, ¢ all magnets moved together (COEQ,
C5E5, and C10E10) and fixed peak current operation, and /\ magnets mixed (COE5, C5E0, C10E0 and
COE10) and fixed peak current operation.

A consequence of these effects was that the peak power in the individual HiPIMS pulses varied
between the different magnetic field configurations. This variation was around 50% in the fixed peak
current studies, and almost an order of magnitude in the fixed voltage studies. For a normalization of
the deposition rates to dcMS, it was most practical to operate at constant average power. This was
achieved by varying the pulse repetition frequency fyuse, as given in Table 1. This variation of the
discharge impedance between the magnetic field configurations and our compensation by adjusting
fpulse to have constant power are important to keep in mind in the analysis presented below. The most
important consequence is that, even if both the cathode voltage and the average power were kept
constant, the peak discharge current could vary by almost an order of magnitude between the different
magnetic field configurations. This implies a variation of the plasma density of the same order, which
in turn implies a large variation in the probability of ionization of the sputtered material as it passes
through the plasma [5].

4.2. Deposition Rate and Ionized Flux Fraction

Figure 4 shows that, for HiPIMS operated in the fixed voltage mode, the deposition rate increased
with decreasing |B|. For dcMS operation, there was only a small change in the deposition rate when |B|
was varied. However, when operating the HiPIMS discharge in fixed peak current mode, there was a
slight increase in the deposition rate as the |B| was decreased, as shown in Figure 4. Bradley et al. [19]
recently explored the difference in the discharge behavior between dcMS and HiPIMS operation with
changing |B|. For dcMS and pulsed-dc operation they found that the deposition rate decreases by
25-40% when decreasing |B|. They found the opposite for HIPIMS operation and the deposition rate
increases significantly with decreasing |B|. They used a simple phenomenological model (pathway
model) to relate the sputtered particle fluxes and the measured deposition rates to find the combined
probabilities of ionization a; and subsequent back attraction ¢ of the ions of the sputtered species
a¢By as |B| is varied. They found a drop in a:f; with decreasing |B| and proposed it being due to
the weakening of the electrostatic ion back attraction, due to a potential hill seen by the ions of the
sputtered material. A fall in a8 gives higher deposition rates.

Here, we expanded on the approach of Bradley et al. [19] and explore how the measured
parameters, the deposition rate and the ionized flux fraction Fg,,y, depend separately on the probability
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of ionization a; and back attraction of the sputtered species ft. We derived a few general equations
that relate the measured quantities to the parameters a; and f;. Let us call the total flux (atoms/s)
of atoms sputtered from the target I'g and the flux of sputtered species (ions and neutrals) that leave
the ionization region (IR) towards the diffusion region (DR) I'pr. The useful fraction of the sputtered
species becomes

For = 2% = (1- wpy). ©

Note that this equation does not need to take into account ion focusing (or spreading) en route
towards the substrate [37]. This equation indicates a reduced fraction of the sputtered species reaching
the substrate when the ionization of the sputtered material increases. Recall that the main drawback
using HiPIMS is the low deposition rate. As can be seen in Equation (3), the fraction of the sputtered
species leaving the ionization region Fpr and thus the deposition rate can be increased by decreasing
the product a;B;. Two different mechanisms can achieve this: decrease the probability of ionization of
the sputtered atoms a, and/or decrease the ion back attraction probability B;. There is experimental
support for both approaches. Mishra et al. [13] showed that the back attracting electric field E, in
front of the target decreases with a decreasing |B| and thus reduces f. In addition, a lower |B| with a
fixed discharge voltage generally leads to lower peak discharge currents and thus lower a;. We also
show in Figure 3b that, when operating in the fixed voltage mode, the peak discharge current Ip peax
decreased as |B| decreased. This was a consequence of lower magnetic confinement, which led to lower
plasma density. For our three magnetic field configurations, where the magnetic pack was moved as a
whole, the peak discharge currents were 80 A for the strongest |B| (COEO configuration), 36 A for the
intermediate (C5E5 configuration), and 12 A for the weakest |B| (C10E10 configuration). The lower
discharge currents at weaker |B| corresponded to lower plasma densities in front of the target, which
should reduce the probability of ionizing sputtered atoms that pass through the ionization region,
i.e., reduce a;. As pointed out by Bradley et al. [19], poorer magnetic confinement, lower plasma
densities, and lower discharge currents give rise to increased deposition rates. However, this increased
deposition rate is at the cost of decreased ionized flux fraction, as discussed in Section 3.2. Thus,
decreased discharge current and lower plasma density lead to decreased ionization probability of the
sputtered material a;. The fraction of the sputtered species reaching the substrate, which is proportional
to (1 — a¢By), then increases if B remains roughly fixed, which is explored in more detail below in
the fixed voltage mode. In the fixed peak current mode, we could assume that the plasma density
remained fixed, thus a; and decreasing B¢ with decreasing |B| gave increased deposition rate, which
was also examined.

A relationship between the ionization flux fraction Fg,x and the parameters a; and S has been
derived from the pathway model [32,37]

Fo — I'bR ions _ Toae(1 — Br) _ ae(1—Bt)
o™ "Tor To(1T—afy)  (1—aefBe)

4)

where no additional ionization of the sputtered material in the diffusion region is assumed. Note that
that there is a slight difference from the equation derived by Butler et al. [37] as here we neglected
ion focusing. Our goal was to assess how much |B| and the magnetic field structure influence a and
B, respectively. To this purpose, we plot a graph that shows Fpr on the horizontal axis, and Fg,,x on
the vertical axis in Figure 9. In this graph, we have used Equations (3) and (4) to plot two sets of
lines: (i) lines of constant B with «; varied from 0 to 1 (green dashed lines in Figure 9); and (ii) lines of
constant a¢, with B; varied from 0 to 1 (blue solid lines in Figure 9). This gives us a coordinate system
(at,Bt) transformed into the (Fpr,Fpyx) plane. Plotting the experimentally determined combinations of
Fpr and Fg,x in this plane gives us estimates of the corresponding values of a; and B¢. The ionized flux
fraction F,y generally increases with increasing ionization probability «;, as shown in Figure 9 (blue
solid lines). Thus, for a fixed B, we found that, for decreased ionization probability «;, the ionized
flux fraction decreased. This is indeed what we observed for the fixed voltage mode operation. In the
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HiPIMS discharge, Fy,x was lower than a; because only a small fraction of the ions left in the direction
of the substrate as B was high [37]. At high a4, the flux of neutrals was reduced due to high ionization
and this flux was only partially replaced by ions since most of the ions were drawn back to the target.

1F ]
095 '0.9'08 207, 5% =06 o = 0.9

Figure 9. Experimentally determined combinations of Fpr and Fg,y at z = 70 mm, for all
three radial positions, and for all magnetic field configurations. The configurations COEO, C5ES5,
and C10E10 are denoted by o corresponding to variable |B| when all the magnets were moved together.
The configurations COE5, C5E0, C10E0 and COE10 where the two magnets were moved relative to each
other are denoted by x. The discharges were operated at constant voltage and constant average power.
Lines of constant a; (solid blue lines) and constant B¢ (dashed green lines), calculated using Equations (3)
and (4), respectively, give approximate estimate of these parameters for the studied discharges.

For an exact calculation of Fpgr from Equation (3), we needed the total flux of sputtered atoms that
(before ionization) were headed towards the position (r, z) where the deposition flux I'pg is measured.
This is not a measured quantity, but it can be estimated from the measured deposition rates in a dcMS
discharge operated at the same average power I'yo\s as follows. First, we note that all discharges
studied here were run at the same average power. This means that the average discharge current
obeyed the relation ID,dCMsvD,dCMS = <ID,HiPIMS> VD,HiPIMS which gives

{(Ipnipvs) _ VD,dems 5)
Ip,dems Vb nipvs

where (Ip pippvs) is the time averaged discharge current of the HiPIMS discharge. We neglect the
small contribution of secondary electron emission to the current at the target surface, and also assume
only singly charged ions. In the dcMS discharge, all the sputtering was due to ions of the working gas,
the primary ions. The flux of the sputtered material in the dcMS case was then

TsputdeMs = Yig(Vb,dems) (6)

Ip,aems
e
where Yig(Vp doms) is the sputter yield for Ar™ ions at the ion energy £x,+ = eVp goms. The situation
in the HiPIMS discharge was more complex and both ions of the working gas and ions of the target
material participated in the sputter process [41]. In the HiPIMS case, a fraction { = Ip a,+/Ip; of
the total ion current to the target was due to ions of the working gas and sputtered the target with
sputter yield Yig(Vp mipivs), and the remaining discharge current fraction (1 — g) was due to ions
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of the target material (self sputtering) with sputter yield Yss(Vp pipnvs)- This gives the total flux of
sputtered species from the target

Ip= {Yig(Vp,mipnvis) + (1 — &) Yss (Vo mipivs)) - 7)

(Ip,HiPvs) (
e
Using Equation (5) to replace currents with voltages in Equations (6) and (7) then gives

Vbdams {Yig(Vbmipvs) + (1 — ) Yss(Vp nipivs) _ r ¥ ®)
SPubAMS ) Hipivis Yig(VD,dams)  sputdas

All the parameters in this expression were known and easily accessible except the fraction { of
the ion current to the target that was carried by Ar™ ions. We used the concept of a critical discharge
current introduced by Huo et al. [42] along with the generalized recycling model [41] to estimate this
fraction. With argon as the working gas, a gas temperature of 300 K, and the approximation that the
race track area Sgr was half the full target area S, the critical discharge current could be approximated
as [42]

Lerit = 0~2pgST )

where pg is the working gas pressure in Pa and St is the target area in cm?. In our case, pg = 1 Pa and
St ~ 80 cm?, giving a critical current of 16 A. At the critical current, about half the ion current was
carried by the working gas ions, and the other half by self-sputter recycling [42]. The discharge current
waveforms and peak discharge currents, for the different cases studied here, are given in Figure 3.
With only one exception, they were above 30 A, far above It. In this current range, the ion current was
carried mainly by recycled ions, of both the working gas and of the sputtered material. The relative
fraction of these depends mainly on the self-sputter yield of the target material [41]. For a Ti target,
with argon as working gas, the fraction was typically { =~ 50% when Ip > Iyt [36,41]. We assumed
here that the titanium was only singly charged, neglecting the fact that, for HIPIMS discharges with Ti
target, significant amounts of multiply charged titanium ions are known to exist [36,43,44].

For Ar' ions sputtering titanium, the sputter yield is Yiz = 0.0425 x ng? and for
Ti™ ions sputtering titanium (self-sputtering) the sputter yield is Yss = 0.0285 x 8%%84 [7].
The ratio ¥ = I'o/Ispurdems for the fixed voltage case can be calculated using Equation (8) and the
discharge voltages during dcMS and HiPIMS operation given in Table 1. For the case of 50/50 Ar* /Ti*
ions sputtering the target, this ratio is ¥ = 0.66. For solely Art ions, the ratio is 0.61 and, for solely Tit
ions, it is 0.71. The experimental data Fg,x versus Fpr = I'pr/To = I'pr/ (rspu‘r,chS‘IJ) from the fixed
voltage operation and taken 70 mm from the target are plotted in Figure 9 for all three locations, center
(r = 0) mm, over the race track (r = 25 mm), and edge (r = 50 mm). We assumed here that 50% of the
ions were Ar" and the other 50% were Tit and ¥ = 0.66. We note that all the experimental data fall in
a narrow range for the back attraction probability B; = 0.90 — 0.95 while they span a wide range in
ionization probability a; or 0.38-0.8. Thus, in the fixed voltage mode, B; was almost constant while
at was varied by varying the magnetic field strength. For the fixed current case, the ratio ¥ was in
the range 0.64-0.74 assuming 50/50 Ar* /Ti™ ions sputtering the target and the variation was due to
variation in the discharge voltage.

Finally, we can derive an equation that gives the back attraction probability B as a function of the
measured quantities Fqy, and Fpr. An expression in which «; is eliminated from Equations (3) and (4)
allows estimating B; directly from the measured quantities:

1— Fpr

ﬁt - 1- FDR(l - Fﬂux) (10)

and similarly we can derive an equation that gives a; as a function of the measured quantities

at =1~ Fpr(1 — Fiux)- (11)
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The ionization probability and back attraction probability for the ions of the sputtered species
calculated using the measured quantities Fg,,x and Fpr are shown in Figure 10a,b, respectively, versus
the magnetic field strength above the race track for various combination of operating modes, magnetic
field configurations and locations over the target surface.
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Figure 10. (a) The ionization probability a; and (b) the back attraction probability B; for the ions of the
sputtered species versus the magnetic field strength above the race track (r = 25 mm). o both magnets
moved together (COEO, C5E5, and C10E10) over race track in fixed voltage operation, x both magnets
moved together (COEO, C5E5, and C10E10) over center in fixed voltage operation, + magnets mixed
(COES5, C5E0, C10E0 and COE10) over race track in fixed voltage operation, /A magnets mixed (COES5,
C5E0, C10E0 and COE10) over center in fixed voltage operation, <> both magnets moved together (COEO,
C5ES5, and C10E10) over center in fixed peak current operation, and O magnets mixed (COE5, C5EQ,
C10E0 and COE10) over center in fixed peak current operation.

Figure 10a shows the ionization probability a; above the race track (r = 25 mm) and in the target
center (r = 0 mm) versus the magnetic field strength over the race track. When operating in the fixed
voltage mode, the ionization probability increased with increased magnetic field strength. The back
attraction probability was always high, in the range 0.89-0.96, over the entire range of B, ;: shown in
Figure 10b. In the fixed current mode, B; increased slightly with increased |B| in the range 0.93-0.96
while &y was almost constant in a narrow range 0.75-0.79. If we make linear fit of the increase in B¢
with |B|, the fraction (1 — B¢) was roughly 30% higher at the highest |B| than at the lowest |B|. This
was important since the total flux of ions of the sputtered material away from the target toward the
substrate was I'pr jons = #¢(1 — Bt)T, as a fraction B of the ions of the sputtered material went back
to the target. Recall that, as shown in Figure 4, there was a 38% increase in the deposition rate when
|B| decreased from 238 to 111 Gauss when operating at fixed peak discharge current. For the fixed
peak current mode the ionization probability «; was roughly constant independent of the location of
the magnetic null (not shown). In the fixed voltage mode, there was some spread in the ionization
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probability values independent of the location of the magnetic null and no clear trend observed (not
shown). Figure 11a shows the ionization probability a; above the race track and in the target center
versus the peak discharge current. We observed that the ionization probability increased roughly
linearly with the peak discharge current. Similarly, we observed an increase in the ionized flux fraction
with increased peak discharge current in Figure 11b.
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Figure 11. (a) The ionization probability of the sputtered species; and (b) the ionized flux fraction
above the race track versus the peak discharge current. o both magnets moved together (COEO, C5ES5,
and C10E10) over the race track in fixed voltage operation, x both magnets moved together (COEQ,
C5E5, and C10E10) over center in fixed voltage operation, + magnets mixed (COE5, C5E0, C10E0 and
COE10) over race track in fixed voltage operation, /A magnets mixed (COE5, C5E0, C10E0 and COE10)
over center in fixed voltage operation, <» both magnets moved together (COEO, C5E5, and C10E10) over
center in fixed peak current operation, and 0O magnets mixed (COE5, C5E0, C10E0 and COE10) over
center in fixed peak current operation

Furthermore, Figure 6 shows that, for operation in the fixed voltage mode, the stronger was the
magnetic field, the higher was the Fg,,x. We can explain why: Figure 3b shows that higher magnetic
field strength led to higher peak discharge current, and Figure 11b that higher discharge current gave
higher Fpyy.

5. Conclusions

The effect of the magnetic confinement on the deposition rate and the ionized flux fraction
was explored for both dcMS and HiPIMS deposition from a Ti target. The experimental findings at
z = 70 mm indicate that, for the dcMS case, there was a small, about 10%, decrease in deposition rate
as |B| was increased from its weakest value to its strongest value. In the dcMS case, the ionized flux
fraction was too small to be of interest. For HiPIMS operated in the fixed voltage mode, we found
opposing trends with increasing |B| in the studied range: a trade-off between the deposition rate
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(decreased by more than a factor of two) and the ionized flux fraction (increased by a factor of 4-5).
The back attraction probability of the ions of the sputtered material in a HIPIMS discharge was found to
be high and roughly constant independent of |B| and the ionization probability of the sputtered species
increased with increasing |B| due to a increased discharge current when operating in the fixed voltage
mode. For HiPIMS operated in the fixed peak current mode, we found concurring, but smaller trends
in the two parameters: Decreasing |B| improved both the deposition rate (by 38%) and the ionized
flux fraction (by 53%). When operating in the fixed peak current mode, the ionization probability of
the sputtered species was roughly constant while the parameter (1 — B;) increased roughly 30% with
decreasing |B|. In short, when operating a HiPIMS discharge in fixed voltage mode, the ionization
probability a; varied with |B| and B¢ remained roughly constant, while, in the fixed peak current mode,
Bt varied with |B| and «; remained roughly constant.

Author Contributions: Conceptualization, H.H., ].T.G,, M.C., ZH., M.AR,N.B. and D.L.; experiment, H.H., S.U,,
M.C.,,ZH.and D.L; writing—original draft preparation, H.H., ].T.G. and D.L.; writing—review and editing, H.H.,
J.T.G,N.B, M.AR,S.U.,M.C., ZH., and D.L;; and funding acquisition, M.C,ZH., DL.and ].TG.

Funding: This work was partially supported by the University of Iceland Research Fund for Doctoral students,
the Icelandic Research Fund Grant Nos. 130029 and 196141, the Czech Science Foundation through project
19-00579S and by Operational Programme Research, Development and Education financed by European
Structural and Investment Funds and the Czech Ministry of Education, Youth and Sports (Project No. SOLID21
CZ.02.1.01/0.0/0.0/16_019/0000760).

Acknowledgments: The authors acknowledge the support of Benjamin Seznec at Université Paris-Sud, Orsay,
for his work on interpolating the recorded magnetic field data to draw Figure 2. The authors also acknowledge
stimulating discussion with Tiberiu M. Minea at Université Paris-Sud, Orsay

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Helmersson, U.; Lattemann, M.; Bohlmark, J.; Ehiasarian, A.P.; Gudmundsson, ].T. Ionized physical vapor
deposition (IPVD): A review of technology and applications. Thin Solid Film. 2006, 513, 1-24. [CrossRef]

2. Gudmundsson, ].T.; Brenning, N.; Lundin, D.; Helmersson, U. The high power impulse magnetron sputtering
discharge. J. Vac. Sci. Technol. A 2012, 30, 030801. [CrossRef]

3. Kouznetsov, V.; Macék, K.; Schneider, ] M.; Helmersson, U.; Petrov, I. A novel pulsed magnetron sputter
technique utilizing very high target power densities. Surf. Coat. Technol. 1999, 122, 290-293. [CrossRef]

4. Kubart, T; Cada, M.; Lundin, D.; Hubi¢ka, Z. Investigation of ionized metal flux fraction in HiPIMS
discharges with Ti and Ni targets. Surf. Coat. Technol. 2014, 238, 152-157. [CrossRef]

5. Lundin, D.; Cada, M.; Hubi¢ka, Z. Ionization of sputtered Ti, Al, and C coupled with plasma characterization
in HiPIMS. Plasma Sources Sci. Technol. 2015, 24, 035018. [CrossRef]

6.  Lundin, D.; Sarakinos, K. An introduction to thin film processing using high power impulse magnetron
sputtering. J. Mater. Res. 2012, 27, 780-792. [CrossRef]

7. Anders, A. Deposition rates of high power impulse magnetron sputtering: Physics and economics. J. Vac.
Sci. Technol. A 2010, 28, 783-790. [CrossRef]

8. Samuelsson, M.; Lundin, D.; Jensen, J.; Raadu, M.A.; Gudmundsson, ].T.; Helmersson, U. On the film density
using high power impulse magnetron sputtering. Surf. Coat. Technol. 2010, 202, 591-596. [CrossRef]

9.  Christie, D.J. Target material pathways model for high power pulsed magnetron sputtering. J. Vac. Sci.
Technol. A 2005, 23, 330-335. [CrossRef]

10.  Bradley, ].W.; Thompson, S.; Gonzalvo, Y.A. Measurement of the plasma potential in a magnetron discharge
and the prediction of the electron drift speeds. Plasma Sources Sci. Technol. 2001, 10, 490-501. [CrossRef]

11.  Rauch, A.; Mendelsberg, R.J.; Sanders, ].M.; Anders, A. Plasma potential mapping of high power impulse
magnetron sputtering discharges. J. Appl. Phys. 2012, 111, 083302. [CrossRef]

12.  Sigurjénsson, P. Spatial and Temporal Variation of the Plasma Parameters in a High Power Impulse
Magnetron Sputtering (HiPIMS) Discharge. Master’s Thesis, University of Iceland, Reykjavik, Iceland, 2008.

13. Mishra, A.; Kelly, PJ.; Bradley, ].W. The evolution of the plasma potential in a HiPIMS discharge and its
relationship to deposition rate. Plasma Sources Sci. Technol. 2010, 19, 045014.

95



Plasma 2019, 2, 15 20 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Liebig, B.; Bradley, ].W. Space charge, plasma potential and electric field distributions in HiPIMS discharges
of varying configuration. Plasma Sources Sci. Technol. 2013, 22, 045020. [CrossRef]

Konstantinidis, S.; Dauchot, J.P.; Ganciu, M.; Hecq, M. Influence of pulse duration on the plasma
characteristics in high-power pulsed magnetron discharges. J. Appl. Phys. 2006, 99, 013307. [CrossRef]
Velicu, LL.; Tiron, V.; Popa, G. Dynamics of the fast-HiPIMS discharge during FINEMET-type film deposition.
Surf. Coat. Technol. 2014, 250, 57-64. [CrossRef]

Ferrec, A.; Kéraudy, J.; Jouan, P.Y. Mass spectrometry analyzes to highlight differences between short and
long HiPIMS discharges. Appl. Surf. Sci. 2016, 390, 497-505. [CrossRef]

Capek, J.; Héla, M.; Zabeida, O.; Klemberg-Sapieha, ].E.; Martinu, L. Deposition rate enhancement in HiPIMS
without compromising the ionized fraction of the deposition flux. J. Phys. D Appl. Phys. 2013, 46, 205205.
Bradley, ].W.; Mishra, A.; Kelly, PJ. The effect of changing the magnetic field strength on HiPIMS deposition
rates. J. Phys. D Appl. Phys. 2015, 48, 215202. [CrossRef]

Yu, H.; Meng, L.; Szott, M.M.; Meister, ].T.; Cho, T.S.; Ruzic, D.N. Investigation and optimization of the
magnetic field configuration in high-power impulse magnetron sputtering. Plasma Sources Sci. Technol. 2013,
22,045012. [CrossRef]

Raman, P.; Shchelkanov, I.A.; McLain, J.; Ruzic, D.N. High power pulsed magnetron sputtering: A method
to increase deposition rate. J. Vac. Sci. Technol. A 2015, 33, 031304. [CrossRef]

Raman, P; Shchelkanov, I.; McLain, J.; Cheng, M.; Ruzic, D.; Haehnlein, I; Jurczyk, B.; Stubbers, R,;
Armstrong, S. High Deposition Rate Symmetric Magnet Pack for High Power Pulsed Magnetron Sputtering.
Surf. Coat. Technol. 2016, 293, 10-15. [CrossRef]

Ganesan, R.; Akhavan, B.; Dong, X.; McKenzie, D.R.; Bilek, M.M.M. External magnetic field increases both
plasma generation and deposition rate in HiPIMS. Surf. Coat. Technol. 2018, 352, 671-679. [CrossRef]
Antonin, O.; Tiron, V.; Costin, C.; Popa, G.; Minea, T.M. On the HiPIMS benefits of multi-pulse operating
mode. . Phys. D Appl. Phys. 2015, 48, 015202. [CrossRef]

Barker, PM.; Lewin, E.; Patscheider, ]. Modified high power impulse magnetron sputtering process for
increased deposition rate of titanium. J. Vac. Sci. Technol. A 2013, 31, 060604. [CrossRef]

Tesat, J.; Martan, J.; Rezek, ]. On surface temperatures during high power pulsed magnetron sputtering
using a hot target. Surf. Coat. Technol. 2011, 206, 1155-1159. [CrossRef]

Alami, J.; Maric, Z.; Busch, H.; Klein, F; Grabowy, U.; Kopnarsk, M. Enhanced ionization sputtering:
A concept for superior industrial coatings. Surf. Coat. Technol. 2014, 255, 43-51. [CrossRef]

Hajihoseini, H.; Gudmundsson, J.T. Vanadium and vanadium nitride thin films grown by high power
impulse magnetron sputtering. J. Phys. D Appl. Phys. 2017, 50, 505302.

McLain, J.; Raman, P,; Patel, D.; Spreadbury, R.; Uhlig, ]J.; Shchelkanov, I.; Ruzic, D.N. Linear magnetron
HiPIMS high deposition rate magnet pack. Vacuum 2018, 155, 559-565. [CrossRef]

Poolcharuansin, P.; Bowes, M.; Petty, T.].; Bradley, ].W. Ionized metal flux fraction measurements in HiPIMS
discharges. J. Phys. D Appl. Phys. 2012, 45, 322001. [CrossRef]

Raman, P.; Weberski, J.; Cheng, M.; Shchelkanov, I.; Ruzic, D.N. A high power impulse magnetron sputtering
model to explain high deposition rate magnetic field configurations. J. Appl. Phys. 2016, 120, 163301.
[CrossRef]

VIEek, J.; Burcalova, K. A phenomenological equilibrium model applicable to high-power pulsed magnetron
sputtering. Plasma Sources Sci. Technol. 2010, 19, 065010.

Window, B.; Savvides, N. Charged particle fluxes from planar magnetron sputtering sources. J. Vac. Sci.
Technol. A 1986, 4, 196-202. [CrossRef]

Wu, L.; Ko, E.; Dulkin, A,; Park, K.J.; Fields, S.; Leeser, K.; Meng, L.; Ruzic, D.N. Flux and energy analysis of
species in hollow cathode magnetron ionized physical vapor deposition of copper. Rev. Sci. Instrum. 2010,
81, 123502. [CrossRef] [PubMed]

Green, KM.; Hayden, D.B.; Juliano, D.R.; Ruzic, D.N. Determination of flux ionization fraction using a
quartz crystal microbalance and a gridded energy analyzer in an ionized magnetron sputtering system.
Rev. Sci. Instrum. 1997, 68, 4555-4560. [CrossRef]

Huo, C; Lundin, D.; Gudmundsson, ].T.; Raadu, M.A.; Bradley, ] W.; Brenning, N. Particle-balance models
for pulsed sputtering magnetrons. J. Phys. D Appl. Phys. 2017, 50, 354003. [CrossRef]

Butler, A.; Brenning, N.; Raadu, M.A.; Gudmundsson, J.T.; Minea, T.; Lundin, D. On three different ways to
quantify the degree of ionization in sputtering magnetrons. Plasma Sources Sci. Technol. 2018, 27, 105005.



Plasma 2019, 2,15 21 of 21

38.

39.

40.

41.

42.

43.

44.

Huo, C.; Lundin, D.; Raadu, M.A.; Anders, A.; Gudmundsson, ].T.; Brenning, N. On sheath energization and
Ohmic heating in sputtering magnetrons. Plasma Sources Sci. Technol. 2013, 22, 045005. [CrossRef]
Brenning, N.; Gudmundsson, J.T.; Lundin, D.; Minea, T.; Raadu, M.A.; Helmersson, U. The Role of Ohmic
Heating in dc Magnetron Sputtering. Plasma Sources Sci. Technol. 2016, 25, 065024.

Thornton, J.A. Magnetron sputtering: Basic physics and application to cylindrical magnetrons. J]. Vac.
Sci. Technol. 1978, 15, 171-177. [CrossRef]

Brenning, N.; Gudmundsson, J.T.; Raadu, M.A.; Petty, T.J.; Minea, T.; Lundin, D. A unified treatment
of self-sputtering, process gas recycling, and runaway for high power impulse sputtering magnetrons.
Plasma Sources Sci. Technol. 2017, 26, 125003. [CrossRef]

Huo, C,; Lundin, D.; Raadu, M.A.; Anders, A.; Gudmundsson, J.T.; Brenning, N. On the road to
self-sputtering in high power impulse magnetron sputtering: Particle balance and discharge characteristics.
Plasma Sources Sci. Technol. 2014, 23, 025017. [CrossRef]

Bohlmark, J.; Lattemann, M.; Gudmundsson, J.T.; Ehiasarian, A.P; Gonzalvo, Y.A.; Brenning, N.;
Helmersson, U. The ion energy distributions and ion flux composition from a high power impulse magnetron
sputtering discharge. Thin Solid Film. 2006, 515, 1522-1526. [CrossRef]

Andersson, J.; Ehiasarian, A.P; Anders, A. Observation of Ti** jons in a high power impulse magnetron
sputtering plasma. Appl. Phys. Lett. 2008, 93, 071504.

@ (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

97






Paper IV

Oblique angle deposition of nickel thin films by high power impulse mag-
netron sputtering.

H. Hajihoseini, M. Kateb, S. Ingvarsson and J. T. Gudmundsson. 2019.
Beilstein Journal of Nanotechnology 10: 1914 — 1921.

99






<J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Oblique angle deposition of nickel thin films by high-power
impulse magnetron sputtering

Hamidreza Hajihoseini"!, Movaffaq Kateb!, Snorri Porgeir Ingvarsson'’
and Jon Tomas Gudmundsson'2

Full Research Paper

Address: Beilstein J. Nanotechnol. 2019, 10, 1914—1921.
1Science Institute, University of Iceland, Dunhaga 3, 1S-107 doi:10.3762/bjnano.10.186
Reykijavik, Iceland and 2Department of Space and Plasma Physics,
School of Electrical Engineering and Computer Science, KTH Royal Received: 15 June 2019
Institute of Technology, SE-100 44, Stockholm, Sweden Accepted: 02 September 2019
Published: 20 September 2019
Email:
Hamidreza Hajihoseini” - hah107@hi.is Associate Editor: E. Meyer
* Corresponding author © 2019 Hajihoseini et al.; licensee Beilstein-Institut.
License and terms: see end of document.
Keywords:

glancing angle deposition (GLAD); high-power impulse magnetron
sputtering (HiPIMS); oblique angle deposition; magnetron sputtering;
magnetic anisotropy; nickel

Abstract

Background: Oblique angle deposition is known for yielding the growth of columnar grains that are tilted in the direction of the
deposition flux. Using this technique combined with high-power impulse magnetron sputtering (HiPIMS) can induce unique prop-
erties in ferromagnetic thin films. Earlier we have explored the properties of polycrystalline and epitaxially deposited permalloy
thin films deposited under 35° tilt using HiPIMS and compared it with films deposited by dc magnetron sputtering (dcMS). The
films prepared by HiPIMS present lower anisotropy and coercivity fields than films deposited with dcMS. For the epitaxial films
dcMS deposition gives biaxial anisotropy while HiPIMS deposition gives a well-defined uniaxial anisotropy.

Results: We report on the deposition of 50 nm polycrystalline nickel thin films by dcMS and HiPIMS while the tilt angle with
respect to the substrate normal is varied from 0° to 70°. The HiPIMS-deposited films are always denser, with a smoother surface
and are magnetically softer than the dcMS-deposited films under the same deposition conditions. The obliquely deposited HiPIMS
films are significantly more uniform in terms of thickness. Cross-sectional SEM images reveal that the dcMS-deposited film under
70° tilt angle consists of well-defined inclined nanocolumnar grains while grains of HiPIMS-deposited films are smaller and less
tilted. Both deposition methods result in in-plane isotropic magnetic behavior at small tilt angles while larger tilt angles result in
uniaxial magnetic anisotropy. The transition tilt angle varies with deposition method and is measured around 35° for dcMS and 60°
for HiPIMS.

Conclusion: Due to the high discharge current and high ionized flux fraction, the HiPIMS process can suppress the inclined
columnar growth induced by oblique angle deposition. Thus, the ferromagnetic thin films obliquely deposited by HiPIMS deposi-
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tion exhibit different magnetic properties than dcMS-deposited films. The results demonstrate the potential of the HIPIMS process

to tailor the material properties for some important technological applications in addition to the ability to fill high aspect ratio

trenches and coating on cutting tools with complex geometries.

Introduction

The realization of electronics based on utilizing the electron
spin degree of freedom, commonly referred to as spintronics,
requires the integration of ferromagnetic films with semicon-
ductors [1]. Nickel is a ferromagnetic heavy 3d transition metal
that crystallizes in the fcc structure. Because of the negative
magnetostriction property of pure nickel, it is used as a magnet-
ic material for certain applications, including ones that utilize
magnetostriction. Thin nickel films have also found a wide
range of other applications such as decorative coatings [2,3],
corrosion-resistant coatings [3,4], optically transparent conduc-
tive electrodes [5], contact devices [6], Li-storage materials [7],
and as selective absorbers in solar thermal energy conversion
[8]. Moreover, a number of nickel-containing alloys exploit the
ferromagnetic properties of nickel such as NiTi-based shape
memory alloy thin films utilized in micro-actuator applications
[9]. It is well known that microstructure, texture and structure
of thin films can have significant influence on the magnetic and
other functional properties of the films. The magnetic proper-
ties of evaporated [10,11], electrodeposited [12-15], chemical-
vapor-deposited [16], and dc [17-19] and rf [20-22] magnetron
sputtered thin nickel films have been studied for almost ten
decades. This has included studies of the magnetic properties
while varying film thickness [10,20], grain size, substrate mate-
rial [11,21] and substrate temperature [19], as well as while
stacking into superlattices [23,24].

High-power impulse magnetron sputtering (HiPIMS), some-
times referred to as high-power pulsed magnetron sputtering
(HPPMYS), is a physical vapor deposition (PVD) technique
based on pulsed power technology where the peak power
exceeds the time-averaged power by roughly two orders of
magnitude [25,26]. By pulsing the cathode target to high peak
power density a high ionization fraction of the sputtered materi-
al is achieved, which results in a higher quality of the deposited
films [27]. It is well known that ferromagnetic materials are
difficult to sputter with conventional dc magnetron sputtering
since a portion of the magnetic flux is shunted by the magnetic
target, thus decreasing the electron confinement, which results
in low plasma density and low deposition rate. On the other
hand, it has been demonstrated that a small decrease in the mag-
netic field strength in the HiPIMS process can lead to a signifi-
cant increase in the deposition rate in that case [28,29]. We
have recently reported an increase by a factor of 2 and 2.6 of
the HiPIMS deposition rate by 83% and 53% weakening of the
magnetic field strength (at racetrack) using vanadium [30] and

titanium [31] targets, respectively. Thus, utilizing HiPIMS for
the deposition of ferromagnetic material can be very beneficial.

Oblique deposition, sometimes referred to as glancing angle
deposition (GLAD), is known as a PVD technique that leads to
a film texture with low density and columnar grain growth that
is elongated in the direction of the incoming flux [32]. As a
result of this structure, some unique optical [33-35], electrical
[36,37], mechanical [37,38] and magnetic [39] properties of
thin films have been reported. By employing an ionized deposi-
tion flux (i.e., using HiPIMS in GLAD), the angular distribu-
tion of the deposited material can be influenced [40-42]. Earlier
we have explored the microstructure and magnetic properties of
polycrystalline [43] and epitaxially [44] deposited permalloy
(NiggFey atom %) thin films deposited under 35° tilt using
dcMS and HiPIMS. The films prepared by HiPIMS present a
lower anisotropy field (Hy) and coercivity (H.) than films
deposited with dcMS. For the polycrystalline films both deposi-
tion methods give uniaxial magnetic anisotropy due to the
oblique deposition. However, for the epitaxial films dcMS
deposition gives biaxial anisotropy while HiPIMS deposition
gives a well-defined uniaxial anisotropy. The uniaxial
anisotropy induced by the tilt angle was demonstrated in the
early 1960s by Smith et al. [39] while depositing permalloy
with thermal evaporation. They suggested that a shadow effect
causes an in-plane texture perpendicular to the direction of the
incoming flux, which corresponds to the easy axis of the film.
However, more recently there are reports on a 90° rotation of
the easy axis in a Co film deposited at 75° tilt angle [45].

In the present study we investigate the effect of angle of inci-
dence on the structural and magnetic properties of Ni thin films
deposited using dcMS and HiPIMS. We chose to work with
pure Ni rather than NiFe alloys because it rejects many pro-
posed explanations for uniaxial anisotropy based on alloying,
i.e., directional ordering of Fe/Ni atom pairs [46], shape
anisotropy of an elongated ordered phase [47], composition
variation between grains [48] and, more recently suggested,
localized composition non-uniformity [49]. Besides, we do not
rotate the substrate during the deposition to simplify the condi-

tions at the cost of losing film thickness uniformity.

Experimental
The nickel thin films were deposited in a custom-built magne-
tron sputter chamber [50] with a base pressure of 4 X 107° Pa.
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For the deposition process, 32 sccm of argon of 99.999% purity
was injected into the chamber as the working gas. The working
gas pressure was kept at 0.6 Pa using a butterfly valve located
between the chamber and a turbomolecular pump. The nickel
target was 75 mm in diameter, of 99.95% purity, and 1.59 mm
thick but almost 40% eroded at the racetrack center. The mag-
netic field measured at the target surface over the racetrack
shows the value of 39 and 0 mT parallel and perpendicular to
the target surface, respectively.

For HiPIMS operation the power was supplied by a SPIK1000A
pulse unit (Melec GmbH) operating in the unipolar negative
mode at constant voltage, which in turn was fed by a dc power
supply (ADL GS30). The discharge current and voltage were
monitored using a combined current transformer and a voltage
divider unit (Melec GmbH) and the data were recorded with a
custom-made LabVIEW program. The pulse length was set at
200 ps and the pulse repetition frequency was kept at 100 Hz
throughout this study. For dcMS operation, a dc power supply
(MDX 1 K, Advanced Energy) was connected to the
magnetron. For all films, depositions were made at 150 W aver-
age power. This corresponds to a peak current density of
Jp,peak = 0.77 A/cm? for the HiPIMS deposition process when
averaged over the entire target area. HiPIMS and dcMS oblique
angle depositions were made at substrate tilt angles of 0° (sub-
strate faces the target), 35° and 70° using both deposition
methods. In addition, more depositions under 10° and 20° by
dcMS and 50° and 60° using HiPIMS were made for better
understanding of the magnetic properties of the films. The dis-
tance between target and substrate position was 25 cm. We used
thermally oxidized Si(001) with an oxide thickness of 100 nm
as substrates. However, for the scanning electron microscopy
studies, Si(001) substrates with native oxide were used in order
to eliminate the charging effect. All films were deposited at

room temperature (25 °C) with a grounded substrate holder.

X-ray diffractometry (XRD) was carried out using a Philips
X’pert diffractometer (Cu Ka, wavelength 0.15406 nm)
mounted with a hybrid monochromator/mirror on the incident
side and a 0.27° collimator on the diffraction side. A line focus
was used with a beam width of approximately 1 mm. The
grazing incidence (GI)XRD scans were carried out with the
incident beam at 6 = 1°. Average thickness (d,ye), average sur-
face roughness and mass density of the films were determined
by low-angle X-ray reflectivity (XRR) measurements with an
angular resolution of 0.005°, and the data was fitted using the
Parrat formalism [51]. A low-density surface layer (around
1 nm) on top of the film had to be included in the model in
order to achieve a good fit. This is due to the formation of an
oxide or oxynitride surface layer after the films were removed
from the vacuum chamber, as has been previously observed and
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discussed [52]. However, the reported mass density values are
corresponding to the “bulk” part of the film.

The film thickness gradient (Ad) was characterized by non-con-
tact mode atomic force microscopy (AFM) analysis in an
XE-100 multi-mode AFM system (PSIA Inc.) in air (ex situ).
For this aim, the edges of the substrate were marked before
deposition. After deposition, the samples were sonicated in an
ethanol/isopropanol mixture to remove the marker and the
nickel on top of it (lift-off process).

Cross sections of the Ni films were studied using a Leo Supra
25 scanning electron microscope. The acceleration voltage of
the electron beam was set to 20 kV and the working distance
was kept at 3.5 mm for all images presented here.

Magnetic hysteresis was characterized using a custom-made
high-sensitivity magneto-optical Kerr effect (MOKE) looper
using a laser source with 632.8 nm wavelength. Coercivity was
read directly from the easy-axis loops. In our uniaxial samples
the anisotropy field is obtained by extrapolating the linear low-
field trace along the hard-axis direction to the saturation magne-
tization level, a method commonly used when dealing with
effective easy-axis anisotropy. Vibrating sample magnetometry
(VSM) was performed on 10 x 10 mm? sized samples at 300 K.
Variable magnetic fields up to #1 T were used for magnetic

measurements.

Results and Discussion

Thin film structure

Figure 1 shows the film density, deposition rate and surface
roughness of Ni films deposited by HiPIMS and dcMS at tilt
angles of 0°, 35° and 70 °. Both methods result in similar film
densities at 0° and 35° (8.90 and 8.87 g/cm? respectively). The
bulk density of nickel at room temperature is 8.902 g/cm3[3].
Increasing the tilt angle to 70° leads to a drop in density for
both deposition methods. Data extracted from XRR shows den-
sity values of 8.6 g/cm? for the HiPIMS-deposited and
8.27 g/cm? for the dcMS-deposited film. We calculated the av-
erage deposition rate by dividing the average thickness by the
deposition time, and it is shown in Figure 1b for each tilt angle.
Deposition rates of 2.92, 2.10 and 1.41 nm/min were calculated
for HiPIMS deposition at 0°, 35° and 70°, respectively. The
dcMS deposition rate is roughly two times that of the HiPIMS
rate for the same tilt angles. This is a somewhat lower deposi-
tion rate than has been reported for rf magnetron sputtering of
Ni in the past [20,21], which might be due to rather long dis-
tance between target and substrate (25 cm) in this experiment.
In terms of surface roughness, the HiPIMS-deposited film
shows 0.8 nm roughness while the dcMS-deposited film shows
1.9 nm for normal deposition. The surface roughness remains
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Figure 1: (a) Film density, (b) deposition rate, and (c) surface rough-
ness of nickel films deposited by HiPIMS and dcMS. The data was
extracted from XRR measurements. All films are deposited at 0.6 Pa
working gas pressure, 150 W average power. In the HiPIMS case we
used a pulse length of 200 ps and a repetition frequency of 100 Hz.

unchanged for deposition at 35°, for both methods. Increasing
the tilt angle to 70° leads to a significant change in the surface
roughness of the HiPIMS-deposited film (3.3 nm), which is
slightly smoother than the dcMS-deposited film (3.5 nm). Note
that due to the thickness gradient, fitting the XRR data for films
deposited at higher tilt angles includes greater uncertainty. The
measured and simulated XRR data are presented in Figure 2 for
depositions under tilt angles of 0° and 70°.

To investigate the microstructure of our Ni films, GiXRD anal-
ysis was carried out. Figure 3 exhibits a GiXRD pattern of a
dcMS-deposited Ni film in the conventional position facing the
target. The peak at 20 = 44.5° is dominant in the GiXRD
pattern. This peak has been assigned to fcc Ni(111). The peak at
26 = 51.8° is assigned to fcc Ni(200) and the peak at 20 = 76.3°
to fce Ni(220) [ICDD 00-004-0850]. Surprisingly, the method
of deposition (HiPIMS and dcMS) and degree of tilt angle do
not change the GiXRD pattern (relative peak intensities) of the
deposited Ni films. The conventional XRD signal was weak due
to the low film thickness (not shown).

Our thickness uniformity measurements show that obliquely
deposited HiPIMS films are remarkably more uniform than
dcMS-deposited films under the same tilt angle. Table 1 exhib-
its that depositing by HiPIMS results in 69% (at 35°) and 42%

(at 70°) more uniform films than dcMS in terms of thickness.
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Figure 2: The measured (red solid) and simulated (blue dot) XRR data
of HiPIMS and dcMS deposited Ni films under 0- and 70-degrees tilt
angles.
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Figure 3: GiXRD pattern of the nickel film deposited by dcMS, conven-
tional position, at 0.6 Pa, and 150 W power.

Table 1: Thickness uniformity of the nickel films deposited under
various tilt angles and deposition methods. daye is the average film
thickness measured by XRR. Ad is the thickness difference across the
deposited film along the direction of the tilt angle.

method tiltangle  dave Ad Ad/dgye
[°] [nm] [nm] [%]

HiPIMS 35 52 2.6 5

dcMS 35 50 8 16

HiPIMS 70 43 6 14

dcMS 70 50 12 24
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Our results agree with the recent findings of Keraudy et al. [53]
that HIPIMS-deposited Ni films are denser, better crystallized
and exhibit better uniformity than dcMS-deposited films, while
the dcMS deposition rate is roughly twice the HiPIMS rate.

Figure 4 depicts cross-sectional SEM images of HiPIMS- and
dcMS-deposited films under 70° substrate tilt angle. The dcMS-
deposited film exhibits inclined columnar growth with the
column length extending through the entire film thickness. In
contrast, the HiPIMS-deposited film shows grains that are
smaller than the film thickness. The columnar grains of the
dcMS-deposited film are grown with 32° incline on the sub-
strate while the HiPIMS film grains do not show a well-defined
inclined growth, although some grains are elongated toward the

incoming flux.

Figure 4: Cross-sectional SEM image of nickel films that were
deposited by (a) HiPIMS, and (b) dcMS at 70° substrate tilt angle, at
0.6 Pa, and 150 W power.

The angle between columnar grains and substrate normal () is
different and generally smaller than the angle between the sub-
strate normal and the target (a). Both experimental results [38]

and simulations [54] agree on the relation

2tanf} = tana. )

According to the Equation 1, f is expected to be around 54° for
deposition under 70° tilt angle, while it was measured to be
roughly 32° for dcMS-deposited film. This is probably because
the abovementioned studies consider a small PVD target and
low pressure (collision-free) conditions analogous with elec-
tron beam and thermal evaporation methods. However, at our
working gas pressure the mean free path is around 11 mm
which is remarkably shorter than target to substrate distance
(250 mm). Besides, Elofsson et al. [55] show that the melting
point of the deposited materials impacts the inclined growth of
columns by affecting their surface diffusion. Thus, a variation
in B is expected for depositing materials with different melting
point.
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The less tilted grains and the higher thickness uniformity of
HiPIMS-deposited films can be explained by a different distri-
bution angle of incoming flux to the substrate in those
discharges. There have been a few investigations on this matter
that all agree that the magnetic field plays a significant role in
the profile of deposition. We have recently shown that,
depending on the stationary magnetic field configuration,
HiPIMS deposition may result in a more uniform film thick-
ness than dcMS deposition [31]. Furthermore, Qiu et al. [56]
showed that the target voltage, magnetic field strength and ge-
ometry can affect the shape of the racetrack and the target
utilization. Indeed, in a HiPIMS discharge a wider current dis-
tribution on the target is expected due to the remarkably higher
discharge current and cathode voltage [57]. In other words, the
racetrack area could be wider during HiPIMS operation, which,
in turn, can lead to a broader profile of sputtered material in
terms of directionality. Furthermore, a potential difference of
1-5 V is expected between the plasma and the grounded sub-
strate [58]. In the presence of highly ionized sputtered materi-
als produced by HiPIMS discharge, this potential difference
accelerates the ionized flux toward the substrate normal across
the sheath and results in a better thickness uniformity as well as
less inclined grain growth [58]. In addition, in the HiPIMS
process, energetic ions are likely to have enough kinetic energy
to induce some mobility of the film forming species on the film
surface, which eliminates the columnar growth caused by the
shadow effect. Greczynki et al. [42] and Elofsson et al. [55]
have studied the HiPIMS growth of metal films on a tilted
substrate as a function of peak discharge current density Jp peak-
They showed that for a higher Jp peak, and thereby a larger
degree of ionization of the sputtered material, a smaller tilt
angle of the columnar microstructure is observed, i.e., the
columns grow closer to the substrate normal. Thus, for a highly
ionized flux fraction of the sputtered species the effects
of the line-of-sight deposition are effectively eliminated
and the film growth proceeds more or less unaffected by the
substrate tilt. They have also experimentally rejected the role of
deposition rate on the tilted growth of grains. Furthermore,
Alami et al. [59] demonstrated that deposition using a
peak current density Jp peak = 1 A/cm? (close to our
Jp,peak = 0.77 A/cm?) results in film densification and suppres-
sion of the columnar structure, and columns start to grow on
existing columns or repeated nucleation occurs. As the peak
discharge current density was increased further to
Jp,peak = 4 A/cm? they observed that a film with a featureless
morphology developed.

Smaller grain sizes in HiPIMS-deposited films than in dcMS-
deposited films have been previously reported [60,61]. They
originate from the bombardment of the film surface by ener-
getic ions during deposition, which constantly creates new sites
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for growing new crystallites. This, in consequence, leads to
smaller grain sizes [62,63].

Magnetic properties

We used MOKE to explore the magnetic properties of the
nickel films. The results are shown in Figure 5 for HiPIMS and
dcMS-deposited films. The films deposited by HiPIMS at 0, 35°
and 50° tilt angles are more or less magnetically isotropic
in-plane. However, the films deposited under 60° and 70°
present uniaxial behavior, i.e., a linear hard axis along the angle
of incoming sputtered flux and a square easy axis perpendicu-
lar to that in the plane. The films deposited by dcMS at tilt
angles of 0°, 10° and 20° also show more or less isotropic be-
havior. Further increasing the tilt angle leads to a uniaxial
anisotropy in dcMS-deposited films at tilt angles of 35°
(Figure 5i) and 70° (Figure Se).

Thus, for both deposition methods there is an intermediate tilt
angle (ca. 50° for HiPIMS and ca. 20° for dcMS) at which the
films present hysteresis loops with different values of H, when

Beilstein J. Nanotechnol. 2019, 10, 1914-1921.

magnetic field is applied parallel and perpendicular to the in-
coming flux direction. To determine the window in which a
transition occurs from isotropic to uniaxial anisotropy is impor-
tant for practical purposes. For instance, in the films deposited
at these intermediate tilt angles the H,. value of the loops is dif-
ferent and the loop exhibiting lower H. values is more rounded.
The latter loop is perpendicular to the angle of incidence and it
becomes a hard axis at larger tilt angles.

The coercivity and anisotropy fields of our Ni films are plotted
as a function of the tilt angle in Figure 6. It is worth mentioning
that regardless of the type of anisotropy, along the easy direc-
tion of magnetization, H. of the HiPIMS-deposited films in-
creases with increasing tilt angle. This is also true for Hy for the
samples with uniaxial anisotropy. In contrast to the HiPIMS
results, dcMS-deposited films present similar H. values with in-
creasing tilt angle up to 35° and show an increase with further
increase in tilt angle. For deposition at 70° tilt angle, the
anisotropy field of both dcMS- and HiPIMS-deposited samples
were higher than the measurement range in our MOKE setup.
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Figure 5: MOKE loops of nickel films that were deposited by (a—e) HiPIMS and (f—j) dcMS, at various tilt angles ranging from 0° to 70°, at 0.6 Pa
working gas pressure, and 150 W average power. Each figure shows the in-plane angle of the applied magnetic field with respect to the incoming flux

direction.
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Figure 6: The H; and Hy (for samples with uniaxial anisotropy) of our
nickel films measured using MOKE with the magnetic field applied
parallel and perpendicular to the sputtered flux direction, respectively.
Uniaxial anisotropy is presented in HiPIMS samples of 60° and 70°,
and in dcMS of 35° and 70°. The Hy of films deposited at 70° was out
of the measurement range.

Interestingly, HiPIMS-deposited Ni films are magnetically
softer than dcMS-deposited films at the same tilt angle. We
believe that the smaller grain size of HiPIMS-deposited films
(shown in Figure 4) is the main reason for soft magnetism of
the films. Poolcharuansin et al. [64] have shown that Ni thin
film deposition using an inverted gapped-target sputter magne-
tron results in smaller grain size and consequently magnetically
softer films than dcMS-deposited films.

To summarize, transition from isotropic to uniaxial anisotropy
occurs above 50° tilt angle for HiPIMS deposition while it is
around 35° in dcMS. It is probably due to less inclined
columnar growth in HiPIMS-deposited films as is shown in
Figure 4. We have studied the in-plane magnetic properties of
deposited films using VSM and the results are in agreement
with the MOKE study (not shown here).
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ABSTRACT

The sideways (radial) deposition rate and ionized flux fraction in a high power impulse magnetron sputtering (HiPIMS) discharge are
studied and compared to a dc magnetron sputtering (dcMS) discharge, while the magnetic field strength |B| and degree of balancing are
varied. A significant deposition of the film forming material perpendicular to the target surface is observed for both sputter techniques.
This sideways deposition decreases with increasing axial distance from the target surface. The sideways deposition rate is always the highest
in dc operation, while it is lower for HiPIMS operation. The magnetic field strength has a strong influence on the sideways deposition rate
in HiPIMS but not in dcMS. Furthermore, in HiPIMS operation, the radial ion deposition rate is always at least as large as the axial ion dep-
osition rate and often around two times higher. Thus, there are a significantly higher number of ions traveling radially in the HiPIMS dis-
charge. A comparison of the total radial as well as axial fluxes across the entire investigated plasma volume between the target and the
substrate position allows for revised estimates of radial over axial flux fractions for different magnetic field configurations. It is here found
that the relative radial flux of the film forming material is greater in dcMS compared to HiPIMS for almost all cases investigated. It is there-
fore concluded that the commonly reported reduction of the (axial) deposition rate in HiPIMS compared to dcMS does not seem to be
linked with an increase in sideways material transport in HiPIMS.

Published under license by AVS. https://doi.org/10.1116/1.5145292

1. INTRODUCTION otherwise dc magnetron sputtering (dcMS) tool. The secondary
discharge creates a dense plasma that has the role of ionizing a
large fraction of the sputtered atoms to create a highly ionized flux
of the film forming material.'~ More recently, this has been

Ton irradiation is a key tool for controlling the microstructure,
phase content, and physical properties of thin films deposited at
low substrate temperatures by magnetron sputtering. By ionizing

the sputtered atoms of the film forming material, the ion energy at achieved by applying a high power unipolar pulse of low frequency
the substrate can be controlled by applying a substrate bias, and ~ and a low duty cycle to the cathode target. High power impulse
collimation of these ions with the plasma sheath adjacent to the ~ magnetron sputtering (HiPIMS) provides a highly ionized flux of
substrate surface is made possible. Initially, the ionization of the  the sputtered material, while being compatible with existing magne-
sputtered material was based on placing a secondary discharge tron sputtering deposition systems." For HiPIMS operation, pulsed
between the source (the cathode target) and the substrate in an power with power density in the range of several kW/cm? is applied

J. Vac. Sci. Technol. A 38(3) May/Jun 2020; doi: 10.1116/1.5145292 38, 033009-1
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to the cathode target.” This leads to a high plasma density of up to
10" m~ in the cathode target vicinity, which is up to 3 orders of
magnitude higher than in a typical dcMS discharge.” The high
plasma density results in a significant ionization of the sputtered
neutrals, where ionized flux fractions Fg,x well above 50% have been
reported.”™ The benefits of a highly ionized flux fraction of the sput-
tered material include denser films,” lower surface roughness, '~
and improved crystallinity."" However, a highly ionized flux of the
sputtered material commonly comes at a cost of a lower deposition
rate, which has thus far prohibited extensive use of HiPIMS in manu-
facturing.”'>'” In fact, in a parallel study, we demonstrated how a
highly ionized flux fraction of the sputtered target material can be
traded for a high deposition rate.'

The deposition rate in (mainly nonreactive) HiPIMS is
commonly found to be lower than that obtained with dcMS,
generally in the range of 30%-85% of the dcMS rates, depending
on the target material, when operating at the same average power.”
Back-attraction of metal ions to the target is probably the main
cause for the low deposition rate, as suggested by Christie.'” The
back-attraction probability of the ions of the sputtered material is
quantified by a parameter referred to as the back-attraction proba-
bility . The atoms sputtered off the target and ionized in the
cathode vicinity are likely to be back-attracted to the cathode target
due to strong electric fields in the presheath and extended pre-
sheath.'™'” Some other mechanisms have also been suggested
to contribute to the low deposition rate such as a nonlinear
sputter yield effect,”’ guiding effect of the magnetic (B) field,”'
the increased density of the deposited film,'* sputtering of the
substrate (the ion energy can be high), in particular, when nega-
tively biased,'” and the effect of different ion species on the
sputter yield."” Furthermore, it has been demonstrated that the
presence of spokes has a strong influence on the transport of
species toward the substrate.”>”’ However, de los Arcos et al.”*
reported a lower ratio of (deposition rate)/power when operating
in the spoke-dominated regime than in the dc-like and homoge-
neous HiPIMS discharge regimes.

It has also been claimed that a significant fraction of the ions
of the sputtered material are being transported radially outward in
the vicinity of the cathode, across the magnetic field lines, leading
to increased deposition rates at the side of the cathode (parallel
to the target surface).””’ As a consequence, the fraction of the
sputtered material reaching a substrate placed in front of the target
(facing the target) would be substantially lower in the HiPIMS dis-
charge compared to a dcMS discharge. This was demonstrated by
Bohlmark et al.,”' who significantly decreased the sideways deposi-
tion rate and increased the axial deposition rate by superimposing
an external magnetic field in front of the target while depositing
Al in a HiPIMS discharge. Lundin et al”’ found the average
radial deposition rates in HiPIMS to be 10% and 25% higher for
Ti and Cr, respectively, compared to dcMS. They demonstrated,
with time-averaged mass spectrometry measurements of the ion
energy distribution of the radially (cross-field) transported ions, a
direction-dependent high-energy tail, in agreement with predic-
tions of the anomalous transport mechanism.”’ Similarly, in a
previous work, Cada et al.”” revealed inhomogeneous ion fluxes
in different directions during HiPIMS operation, in particular, for
a reactive atmosphere.

ARTICLE avs.scitation.orgfjournal/jva

Further evidence for tangential ion ejection in the +E x B drift
direction came from Poolcharuansin et al.,” using a retarding field
analyzer, and Panjan et al,”’ using collector probes, particle energy
analyzer, and mass spectrometer. Both of these studies reveal a
strong asymmetry in the distribution of electrons and ions and their
properties in the plane of the cathode target. Poolcharuansin et al.”
demonstrated that the mean velocity and mean energy of the ions
are distributed asymmetrically so that a higher flux of energetic ions
escapes the ionization region in the electron +E x B drift direction.
Similar findings were reported by Franz et al.”* who observe asym-
metry in the jon flux distribution, higher ion flux in the +E x B
direction compared to the —E x B direction, as well as pronounced
asymmetry in the ion fraction when recorded as a function of the
emission angle. Lundin et al.”’ claim that the tangential acceleration
is the result of a net force that develops between the fast electrons
and the slower ions in a cross-B-field, a process named modified
two-stream instability. Poolcharuansin et al.”® extended this analysis
and added a centripetal force and a drag force in the equation for ion
motion. They present a numerical solution of the equation of ion
motion and show that a small fraction of the circulating ion flux, those
ions that do not experience collisions, can overcome the radial electric
field and leave the discharge volume in the tangential direction.

The magnitude and shape of the magnetic field in the target
vicinity are known to have a major influence on the deposition rate
in the HiPIMS discharge. There have been a few reports on modify-
ing the magnetic field in order to increase the deposition rate,”’ ™"
and a significant increase in the deposition rate has been obtained
by lowering the confining magnetic field strength.'"”’~"' In an
earlier study, we explored the effect of magnetic field strength |B|
and geometry (degree of balancing) on the deposition rate and
ionized flux fraction Fguc in dcMS and HiPIMS when depositing
titanium on a substrate that faces the target.”’ We observed that the
dcMS deposition rate was only weakly sensitive (+10%) to varia-
tions in the magnetic field strength, while the deposition rate
during HiPIMS, operated in a fixed voltage mode, increased
roughly 110%, changing from 30% to 90% of the dcMS deposition
rate, as |B| was decreased. In the same HiPIMS mode, Fyux
decreased with decreasing |B| and was about 75% lower for the
lowest |B|. However, when operating in the fixed peak current mode,
the deposition rate instead increased by about 40% with decreasing
|B|. Here, also, Fy increased (about 50%) with decreasing |B|. We
derived equations that related the measured quantities, the deposition
rate and ionized flux fraction, to the ionization probability o and the
back-attraction probability of the sputtered species B,. We showed
that the fraction of the ions of the sputtered material that escape
back-attraction oc(1 — f,) increased by 30% when |B| was reduced
during operation in a fixed peak current mode, while the ionization
probability of the sputtered material o, remained roughly constant.
Furthermore, we demonstrated that the ionization probability of the
sputtered species ¢ increased with increasing |B|, due to increased
discharge current, when operating in a fixed voltage mode.

In the present work, we extend our previous study to also
encompass radial fluxes by exploring the relationships among |B|,
the magnetic field geometry (level of balancing), the deposition
rate, and the ionized flux fraction radially outward in a HiPIMS
discharge. The goal is to answer the question of the role of sideways
deposition in lowering the deposition rate in HiPIMS and to
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establish trends for optimized discharge conditions with focus on distribution above the target for each configuration was reported
high deposition rates and high ionized flux fractions. earlier.”” For all the configurations, it was found that a magnetic
null point was present, and all the configurations were categorized
as unbalanced type IL"* The magnetic null is a measure of the

Il EXPERIMENTAL APPARATUS AND METHOD degree of balancing and was located at 43-74 mm from the target

The experiments were carried out in a custom-built cylindrical surface above the target center. The location of the magnetic null
vacuum chamber (height 50 cm and diameter 45cm) made of point and |B| above the center of the race track are listed in Table I
stainless steel and used in our earlier work.”” Using a turbo molec- for each of the magnet configurations, where C10EO is strongly
ular pump backed by a roughing pump, a chamber base pressure of ~ unbalanced and COEI10 is only weakly unbalanced. Throughout
4 x 107 Pa was achieved. The working gas pressure was main- this paper, we have used the radial component of the magnetic
tained at 1 Pa by injecting 50 sccm Ar into the chamber and adjust- field above the target race track By recorded at z=11mm as a
ing a butterfly valve located between the chamber and the turbo measure of |B|, in line with our previous work.”’
pump. The deposition system was equipped with a circular 4 in. A dc power supply (SRI1.5-N-1500, Technix, Créteil, France)
diameter VTec Magnetron assembly (Gencoa, Liverpool, UK). The and a HiPIMS power supply (HiPSTER 1, Ionautics, Linkoping,
magnetron assembly, as well as a probe holder used during mea- Sweden) were used to ignite the discharge in dc and HiPIMS oper-
surements, was mounted on movable bellows controlled with milli- ation, respectively. For both cases, an average discharge power was
meter precision, as shown in Fig. 1. This allowed us to perform maintained at 300 W. The HiPIMS pulse was always kept at a cons-
radial as well as axial scans with high precision. The absolute mag- tant length of 100 s, and the discharge was regulated in two differ-
netic field strength |B| as well as the geometry of the magnetic field ~ ent ways. The first mode of operation is referred to as a fixed
(degree of balancing) above the magnetron target was varied by dis- voltage mode and was realized by keeping the cathode voltage fixed

placing the center magnet (C) and the outer ring magnet at the at 625V and varying the pulse frequency to achieve the desired
target edge (E) using two micrometer screws located on the outer average power. The second operating mode is referred to as a fixed
side of the magnetron assembly. We refer to each configuration =~ peak current mode and was realized by changing the cathode
using the displaced distance (in millimeters) of each magnet from voltage to maintain the peak discharge current at Ippeq = 40 A,
the target backing plate. The notation COEO thus refers to a magnet corresponding to current density Jp peak = 0.5 A/cm?. However, for
configuration where the center and outer magnets touch the CI0E10, we were not able to reach Ippek =40 A due to weak

backing plate (zero displacement, i.e., the strongest magnetic field electron confinement and limitation in cathode voltage (1000 V).
above the target). To achieve the desired average power, the repetition frequency was
We determined the sideways deposition rate and ionized flux varied. The discharge parameters are summarized in Table I for

fraction for seven different magnet configurations: COE0, C5E5, dcMS operation, and both operating modes of HiPIMS for all the
C10E10, COE5, COE10, C5E0, and CIOEO. The magnetic field seven magnet configurations investigated.

Magnetron assembly
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TABLE 1. Discharge operating parameters for the investigated deMS and HiPIMS discharges in a fixed voltage and in fixed peak current modes. The average discharge power
was kept at 300 W for all the discharges. For the HiPIMS discharges, the pulse length was 100 us, while the pulse frequency was varied to maintain a constant average
power. The absolute magnetic field strength and the degree of balancing were varied by displacing the center magnet (C) and the outer ring magnet at the target edge (E).
Each configuration is referred to using the displaced distance (in millimeters) of each magnet from the target backing plate. In this notation, COEO refers to a magnet configura-

tion where both the center and outer magnets touch the backing plate.

HiPIMS HiPIMS
Magnet dcMS Fixed voltage Fixed peak current

Brl Znull VD ID VD ID,peak fi:-ulse VD ID,peak f pulse

(Gauss) (mm) V) (A) V) (A) (Hz) ) (A) (Hz)

COEO0 238 66 343 0.871 625 80 56 498 40 160

COE5 217 70 346 0.865 625 67 64 490 40 155

COE10 213 74 342 0.875 625 46 92 576 40 118

C5E0 181 53 338 0.888 625 62 70 510 40 146

C5E5 161 59 347 0.864 625 37 121 590 40 119

C10E0 137 43 337 0.890 625 40 103 605 40 112
C10E10 111 52 374 0.795 625 15 300

Figure 2(a) shows the peak discharge current at a fixed
voltage, plotted from left to right in the sequence of magnetic con-
figurations that will be used below when presenting the deposition
measurements: from the strongest field COEO on the left to the
weakest field C10E10 on the right. There is an overall decreasing
trend of Ip peak toward the right, decreasing magnetic field strength
|B|, combined with a “saw-tooth” pattern, which is highlighted by
dashed lines. We will note below when similar features appear in
the deposition data.

We also note that a saw-tooth pattern (but here reversed) is
found in zpy, as shown in Fig. 2(b). The magnetic field strength

Ip peak [A]

Magnetic null point [mm)]

COE0 COES

COE10 C5E0 C5E5
Magnetic configuration

C10E0 C10E10

FIG. 2. Two discharge operating parameters from Table |, plotted in a sequence
of decreasing B-field strength. (a) /p peak for fixed voltage operation and (b) the
degree of magnetic unbalance quantified by z,,. The dashed lines are drawn to
highlight a saw-tooth pattern, which is discussed in the text.

has a significant influence on the discharge current amplitude and
the discharge current waveform which we explored earlier.”” Both
the peak discharge current and the current rise time are influenced
by the magnetic field when operating in the fixed voltage mode,
and the current rise time varies with [B| when operating in a fixed
peak current mode.

A quartz crystal microbalance (QCM) with a native frequency
of 5 MHz and a gold coated surface was used to determine the dep-
osition rate. It was mounted on the probe holder as shown in
Fig. 1. By moving the probe holder and/or the magnetron assembly,
it was possible to investigate a region defined by 0 < r < 50 and
30 < z < 70mm (see the dashed rectangle in Fig. 1), where r is the
radial coordinate parallel to the target surface and z is the axial
coordinate perpendicular to the target surface, and (r, z) = (0, 0)
marks the center of the target surface. The center of the target race
track was located at approximately (r,z) = (30, 0) mm. In this
work, the material fluxes radially outward, parallel to the target
surface, were investigated at three locations (r, z) = (50, 35) mm,
(r, z) = (50, 50) mm, and (r, z) = (50, 70) mm. Due to interference
with the plasma discharge, it was not possible to move the QCM
closer than z > 30 mm.

The QCM sensor was the main component in the ion meter
(or gridless QCM/m-QCM) used for measuring the ionized flux
fraction Fyyy. The device is described in detail by Kubart et al” and
in our previous study.”’ The m-QCM gives either the deposition
rate from ions and neutrals or from neutrals only by varying a
voltage applied to the biased top QCM electrode, allowing for fast
(roughly 1 min) determination of the ionized fraction of the mate-
rial flux to the sensor head. The ionized fraction of the metal flux
was determined using

Ri—R, R
Fax = =—, 1
flux R R ( )

where R, is the total mass deposition rate, R; is the mass deposition
rate due to metal ions, and R, is the mass deposition rate of neutral
metal atoms, as discussed by Wu et al.”” The deposition rates were
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recorded by manually recording the film thickness at a chosen time
on a readout unit connected to the QCM. In addition, we tried to
minimize errors due to the QCM crystal heating up during the
process by making short measurements (typically less than 120s).
However, the error of Fy,x was estimated to be up to 15% for a
single result based on the accuracy of the mass deposition rate
determination. For sideways measurement, the closer to the target,
the higher the error is observed to be, which is due to the small
acceptance angle of m-QCM and rather a wide propagation profile
of ions. This issue is quantitatively discussed in Sec. IV C.

Il. RESULTS

The deposition rates as well as ionized flux fractions for each
of the seven magnet configurations investigated are presented here.
For the radial fluxes, we have chosen to focus on the data recorded
at r = 50 mm (above the edge of the cathode) at an axial distance
of z =35 mm from the cathode surface. However, deposition rates
and ionized flux fractions were also recorded at larger axial
distances, z=50 and 70mm, at the same radial position
(r =50 mm), and comparisons between these different positions
will be made where appropriate.

A. Deposition rate

The radial deposition rates measured using the m-QCM at
(r, z) = (50, 35) mm are plotted as a bar chart in Fig. 3 for dcMS
and HiPIMS discharges operated in a fixed voltage mode and a
fixed peak current mode for the investigated magnet configurations.
These configurations are on the x-axis ordered from high |B| at the

220 T T T T T T T
[deMs

200 I Fixed voltage|
[ Fixed current

160 |-

140 -

120

100 |-

80

60 |-

40 -

Sideways deposition rate [A /min]

20

COE0 COE5 COE10 C5E0 C5E5S
Magnetic configuration

C10E0 C10E10

FIG. 3. Ti sideways deposition rate recorded for both dcMS and HiPIMS dis-
charges using various magnet configurations. The measurements were made
using the m-QCM at a 35 mm axial distance over the edge of the cathode, i.e.,
(r, z) = (50, 35) mm. The magnet configurations on the x-axis are ordered from
high [B| on the left to low |B| on the right. The recorded B, value above the
race track was used as a measure of |B|. The dashed lines are drawn to high-
light the saw-tooth pattern in the fixed voltage mode.
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left to low |B| on the right, where the recorded By value above the
race track center was used as a measure of |B|. For any given
magnet configuration, the deposition rate values for dcMS are
always the highest, whereas HiPIMS operated at fixed peak current
is the second highest (no data available for C10E10) and the
HiPIMS fixed voltage mode always yields the lowest values. Overall,
the dcMS discharges exhibit sideways deposition rates in a rather
narrow range (163-197 A/min) without any obvious trends with
B-field strength or degree of unbalance. For HiPIMS operated in
the fixed peak current mode, smaller changes are observed and the
deposition rate varies between 72 A/min and 100 A/min with no
clear trend, although one could infer that the higher B-field cases
(COEO0, COE5, COE10) have a tendency to yield slightly higher depo-
sition rates. On the other hand, much larger differences are seen
when operating in a HiPIMS mode at a fixed voltage, where we see
the saw-tooth pattern of Fig. 2, combined with an increase in the
sideways deposition rate that varies from 49 A/min to 124 A/min
with decreasing |B|, i.e., a rate increase of up to 150%. The saw-
tooth pattern indicates that the deposition rate, in a fixed voltage
mode, is inversely correlated with the peak discharge current.

By increasing the axial distance between the cathode surface
and the m-QCM, we generally see a significant drop in the
recorded radial deposition rate. In Fig. 4, this decrease is illustrated
for the HiPIMS fixed voltage mode operation. Again, we see that
for this operating mode, the sideways deposition rate increases with
decreasing |B|, independent of the axial point of measurement and
also shows the saw-tooth pattern. In this case, the relative rate
change observed varies depending on the magnet configuration.
The sideways deposition rate drops in a range of 32% (using

=
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COE0 COE5 COE10 C5E0 C5E5
Magnetic configuration
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FIG. 4. Sideways deposition rate in HiPIMS measured by the m-QCM at
z = 35, 50, and 70 mm at the edge of the cathode (r = 50 mm). The discharge
was operated in a fixed voltage mode using various magnet configurations. The
magnet configurations on the x-axis are ordered from high |B| on the left to low
|B| on the right. The recorded By value above the race track was used as a
measure of [B|. The dashed lines are drawn to highlight the saw-tooth pattern
in the fixed voltage mode.
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C10E10) to 39% (using C10EQ) at z = 50 mm as compared to the
deposition rate at z = 35 mm. By moving to z = 70 mm, the rate
decreases up to 71% using COES5, while sputtering by C10E10 and
COE0 shows a 56%-57% decrease compared to the value at
z = 35 mm. There is clearly a variation in the spatial distribution of
the radial flux between the investigated magnetic field configura-
tions in HiPIMS operation. This is different for the dcMS case (not
shown), where the relative deposition rate change with z is almost
independent of the magnet configuration, resulting in a 29%-34%
decrease at z =50mm and a 53%-61% decrease at z = 70 mm
compared to our reference position at z = 35 mm. Overall, we see a
sharper decrease in the sideways deposition rate in HiPIMS than in
dcMS by axially moving away from the cathode. The decrease in
the deposition rate is thus more sensitive to the magnet configura-
tion in HiPIMS than in dcMS.

B. lonized flux fraction Fgyx

By using the m-QCM, we also recorded the ionized flux frac-
tions Fyyy of the sputtered material transported radially. In Fig. 5,
Fpuy is plotted as a bar chart for the investigated HiPIMS discharges
operated in a fixed voltage mode and a fixed peak current mode for
the different magnet configurations. Again, these values were
recorded at our reference point, (r, z) = (50, 35) mm. No dcMS
values are presented here, since Fgu was always very close to 0%,
i.e., within the margin of error, and thus in line with the results
reported by Kubart et al.” using the same technique. In Fig. 5, we
find strong variations in Fp,, depending on the magnet configura-
tion with no obvious trend with decreasing |B| for the fixed current

45 T T T T T

I Fixed voltage
40f I Fixed current |
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COE0  COES

COE10 CSE0  CSES
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FIG. 5. lonized flux fraction Fg of HiPIMS discharges running in a fixed
voltage and fixed current modes using various magnet configurations. The mea-
surements are carried out at (r, z) = (50, 35). The magnet configurations on
the x-axis are ordered from high |B| on the left to low |B| on the right. The
recorded By value above the race track was used as a measure of |B|. The
dashed lines are drawn to highlight the saw-tooth pattern in the fixed voltage
mode.
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case. However, as highlighted by dashed lines, there is an
“inversed” saw-tooth pattern for the fixed voltage case. The absence
of a simple trend with decreasing |B| is particularly striking when
comparing magnet configurations COE10 and C5E0, which are
close in terms of |B|. For these two cases, Fyyy increases by 320% in
a fixed voltage mode and by 53% in a fixed peak current mode
when going from COE10 to C5E0. We note that this feature can be
seen as an abruptly changing trend in the deposition rate and that
it is associated with changing trends both in the peak discharge
current and in z,u; see Fig. 2. By comparing Fy. between the
fixed voltage and fixed peak current modes for each magnet config-
uration separately (i.e, no comparison between the different
magnet configurations), it is, however, noted that the ionized flux
fraction is often higher for the operating mode that generates the
highest peak discharge current, such as a fixed voltage mode for
COEO and a fixed peak current mode for C10EO0. This is in line
with an explanation for the saw-tooth effect which we will return
to in Sec. [V C.

The strong variation in the radial flux fraction versus magnet
configuration at the chosen reference point is also seen when inves-
tigating the radial ion transport at larger axial distances. This is
illustrated in Fig. 6 for a fixed voltage mode, which shows the radial
ion flux fraction recorded at z = 35 (reference), 50, and 70 mm.
This figure provides a rather complex picture of the ion transport,
where the largest fraction of the ions transported radially outward
is sometimes found at low z, such as in the case of COEQ, sometimes
at much higher z, such as in the case of COE10, and sometimes at a
z location in between, such as in the case of C5E0. This complicated
situation is hard to resolve by merely comparing these point-to-point
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FIG. 6. Radial ionized flux fraction of the sputtered material Fqy of HIPIMS
discharges running in a fixed voltage mode. The measurements are carried at
the edge of the cathode (r =50mm) and z = 35, 50, and 70 mm. The
magnet configurations on the x-axis are ordered from high |B| on the left to
low [B| on the right. The recorded By value above the race track was used
as a measure of [B].
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measurements. We can, for example, note that the saw-tooth pattern
seen at 35 mm (Fig. 5) has disappeared at 70 mm.

IV. DISCUSSION
A. Saw-tooth pattern

Figure 2 shows that, for fixed voltage operation, the peak dis-
charge current has an overall decreasing trend toward the right
(decreasing |B|), combined with a saw-tooth pattern. Similar fea-
tures appear in the deposition rate data but only for fixed voltage
operation. This is seen in Figs. 3 and 4, where the deposition rates
show an overall increase with decreasing |B| with the saw-tooth
pattern superimposed. The ionized flux fraction in Fig. 5 also
shows a saw-tooth pattern, while no clear overall trend with |B| is
observed. The overall picture is that lower discharge currents are
correlated to higher deposition rates and to lower ionized flux frac-
tions. These two trends are understood as follows. Lower discharge
currents are associated with a lower plasma density in front of the
target. A smaller fraction of the sputtered target material then gets
ionized when they pass through the ionization region. This leads to
both a higher deposition rate (more neutrals escape ionization and
back-attraction) and to a lower ionized flux fraction (fewer neutrals
of the film forming material become ionized). Mathematical expres-
sions for these two trends are given in our previous work by
Hajihoseini et al.”” The saw-tooth features seen in fixed voltage oper-
ation are, therefore, a result of the change in the B-field through a
chain of events as follows: (i) changes in the B-field strength and the
degree of unbalance, quantified by z,, change the effective dis-
charge impedance. When the data are plotted as a function of B-field
strength, the variations in z,., see Fig. 2(b), create a saw-tooth
pattern for the effective discharge impedance. (ii) For a fixed dis-
charge voltage, this leads to a saw-tooth pattern for the discharge
current, which consequently leads to a saw-tooth pattern to the prob-
ability of ionization a. (iii) Finally, this variation in o gives a saw-
tooth pattern to the deposition rate and consequently an inversed
saw-tooth pattern in the ionized flux fraction.

B. Comparison of radial and axial fluxes

In the interest of comparing the here reported radial deposition
rates with typical axial deposition rates during sputtering, let us first
recall the axial deposition rates recorded at the substrate position in
the same system and for the same discharge configuration, as pre-
sented in our previous work.”” Figure 7 shows the ratio of the radial
deposition rate at our reference point, (r, z) = (50, 35) mm, and the
axial deposition rate at the substrate position, (r, z) = (0, 70) mm,
Riradial (50, 35)/Riaxial(0, 70), given for the different magnet configu-
rations. Recall that the axial flux refers to the flux onto a substrate, of
which the normal is in the direction perpendicular to the target
surface, while the radial flux refers to the flux onto a substrate where
the normal is directed along the radial direction in a cylindrical coor-
dinate system (i.e., parallel to the target surface and away from the
central axis of symmetry). The distance from the center of the target
to the probe head at these two positions is 61 mm and 70 mm,
respectively. We find that a significant fraction, always more than
65%, compared to the total material flux reaching the substrate is
indeed transported radially outward, at least when comparing these
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FIG. 7. Ratio of the sideways deposition rate and the axial deposition rate for
dcMS and HiPIMS in fixed voltage mode and in fixed peak current mode for dif-
ferent magnet configurations. The sideways deposition rate was measured at
(r, z) = (50, 35) with the m-QCM perpendicular to the target surface, and the
axial deposition rate was measured at (r, z) = (0, 70) with the m-QCM facing
the target. The magnet configurations on the x-axis are ordered from high [B|
on the left to low |B| on the right. The recorded By value above the race track
was used as a measure of |B|.

two positions. The dcMS values are generally slightly lower
(average fraction of about 72%) than the HiPIMS values (average
fraction of about 80% in fixed voltage mode and 95% in fixed
peak current mode). These values are close to the values earlier
reported by Lundin et al.’® (around 80% in HiPIMS and 70% in
dcMS), when investigating radial transport in Ar/Ti discharges.
Also, Bohlmark et al.”' demonstrated a significant deposition rate
radially during deposition from an Al target on a silicon substrate
in a HiPIMS discharge. The radial deposition rate was highest next
to the target surface and fell with increased axial distance from the
target surface. However, for the first time, we also see strong differ-
ences due to the variation of the magnetic field in HiPIMS but
much less so in decMS. The latter result is expected since we have
found close to no variation of the axial deposition rate’ as well as
of the radial deposition rate (this work) in dcMS. Looking in more
detail at the effect of changing the magnetic field, it is found that
the Ryside/Riaxial ratio is sometimes slightly higher in dcMS than in
HiPIMS. This is seen when comparing dcMS and HiPIMS in a
fixed voltage mode for the two magnet configurations that are the
least unbalanced (COE5 and COE10) in Fig. 7. Still, the overall
picture is that in the vicinity of the target, HiPIMS operation results
in a larger fraction of the film forming material flux being trans-
ported radially outward than in dcMS.

Let us now make the same comparison between radial and
axial measurements but only focusing on the ion deposition rate.
In Fig. 8, the fraction of the ion deposition rate Rj ragial g0ing side-
ways at our reference point, (r, z) = (50, 35) mm, and the axial ion
deposition rate R; ,ia at the substrate position, (r, z) = (0, 70) mm,
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Sideways ion rate / Axial ion rate

COE0 COE5 COE10 CS5E0 C5E5 CI10E0 C10E10
Magnetic configuration

FIG. 8. Ratio of sideways ion deposition rate R, sge measured at
(r, z) = (50, 35) mm and the axial R; axa measured at (r, z) = (0, 70) mm for
HIPIMS discharges running in fixed voltage and fixed current modes for the
seven magnet configurations investigated. The magnet configurations on the
x-axis are ordered from high |B| on the left to low |B| on the right. The recorded
By value above the race track was used as a measure of |B|. The dashed lines
are drawn to highlight the saw-tooth pattern in the fixed voltage mode.

R, radia1 (50, 35) /R, axial (0, 70) is given for the different magnet con-
figurations. The latter data set was extracted from our previously
reported measurements by Hajihoseini et al.”’ From these results, it
is seen that the radial ion deposition rate is at least as large as the
axial ion deposition rate and often around two times higher, i.e., sig-
nificantly higher fractions compared to the corresponding fractions
of the total deposition rates. The lowest fractions are found for
COE10 and C1010 and are related to the dramatic drop in the radial
deposition rate earlier seen in Fig. 5, a part of the saw-tooth pattern.
The overall origin of these differences is dealt with in Sec. IV C.

C. Analyzing volume-averaged fluxes across
boundaries

Based on the radial deposition rate profiles and, more impor-
tantly, the ionized flux fraction profiles at different axial distances,
Figs. 4 and 6, respectively, there is clearly a strong variation in the
spatial flux distribution, where the different magnet configurations
investigated give rise to very different results without any obvious
trends, at least not with the B-field strength alone. To move beyond
these point-to-point measurements, let us make an attempt at ana-
lyzing spatially averaged fluxes by introducing a cylindrical volume
given by 0 < r < 50mm and 30 < z < 70 mm (region limited by
dashed lines in Fig. 1) and see if any trends and predictions can be
established in this case. We calculate the incoming flux into the cyl-
inder through the bottom circular surface (z =30mm) and
compare it to the flux that leaves the cylinder through the top
surface (z =70mm) as well as through the side of the cylinder
(r =50, 30 <z <70). In this way, we can study the integrated

ARTICLE avs.scitation.orgfjournal/jva

surface flux (neutrals/ions/total) in the radial as well as axial direc-
tions. To this purpose, we have interpolated the deposition rates
between the measured data points followed by fitting curves on the
interpolated data. Then, the total flux passing through each area is
calculated by integrating the fitted curves over the corresponding
surfaces (top, bottom, and side of the cylinder).

In Fig. 9(a), we compare the total flux (ions and neutrals)
across the three different surfaces of the investigated cylindrical
volume (bottom of the cylinder at z = 30 mm facing the target, top
surface at z = 70 mm facing the typical substrate position, and the
cylinder side surface at r = 50 mm) for HiPIMS in a fixed voltage
mode. The total flux of the material into the volume is always the
greatest, as expected, and increases by up to 139% with decreasing
|B|. Similar trends for the outflux across the top and side surfaces
are seen, where the average radial flux increases by up to 158%
with decreasing |BJ, which is in line with Fig. 3, where we saw up
to 146% increase in the sideways deposition rate.

By comparing the absolute values of the influx across the
bottom of the cylinder (blue bars) with the outflux across the top

>-Imegrated axial rate at z = 30 mm
2 ,-Imegraled axial rate at z = 70 mm 4
I:llmegraled sideways rate

Integrated deposition rate x105 [A /min]

COE0 COES

COE10 C5E0 CSES C10E0  C10E10

Magnetic configuration

FIG. 9. Integrated deposition rate across the three different surfaces (bottom,
top, side) of the investigated cylindrical volume. The data were acquired using
(a) ion meter (m-QCM), (b) QCM in HiPIMS running in a fixed voltage mode,
and (c) QCM in dcMS.
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and side surfaces (red and yellow bars, respectively) in Fig. 9(a), it
is found that the influx is significantly greater than the outflux (ie.,
the flux is not divergence free), which is highlighted in Fig. 10(a),
where the total influx (blue bars) is compared to the total outflux
(yellow bars). Physically, this is hard to reconcile since we do not
expect to lose particles inside the investigated volume. Instead, we
believe that it is due to a limited (small) acceptance angle of the
m-QCM used in the measurements, which leads to a reduction in
the amount of detected particles (ions and neutrals) at high incom-
ing angles with respect to the normal of the sensor head.

To verify this possibility, we carried out additional measure-
ments using a standard QCM (i.e., without the magnetic shielding
of the m-QCM) to compare the total flux (ions and neutrals)
across the three different surfaces of the cylindrical volume of inter-
est. The results for HiPIMS in a fixed voltage mode are shown in
Fig. 9(b), where the main difference is that the relative contribution
of the radial flux component is significantly greater. When using
the m-QCM, the radial flux component constitutes on average 25%
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FIG. 10. Integrated deposition rate across the bottom surface at z = 30 mm
(i.e., into the investigated volume) in comparison with the total integrated rate
across the side (r =50 mm) and top (z = 70 mm) surfaces (i.e., out of the
investigated volume) measured using (a) ion meter (m-QCM), (b) QCM in
HiPIMS running in a fixed voltage mode, and (c) QCM in dcMS.
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of the total influx [Fig. 9(a)] compared to 60% when only using the
QCM [Fig. 9(b)]. Furthermore, the axial outflux component at
z=70mm remains essentially unaltered compared to the axial
influx at z = 30 mm. Using the QCM results shown in Fig. 9(b),
the absolute values of the influx across the bottom of the cylinder
were again compared with the outflux across the top and side
surfaces and shown in Fig. 10(b). Clearly, there is a much better
agreement. It is, therefore, concluded that the axial flux component
is rather well accounted for using the m-QCM, whereas the
m-QCM fails to account for the total radial flux, in agreement with
our hypothesis.

Additional total flux measurements in dcMS using the
QCM were also carried out for completeness. The average fluxes
across the three surfaces of interest are shown in Fig. 9(c), where
again, no significant differences are observed between the differ-
ent magnetic field configurations in agreement with Fig. 3. The
absolute values of the influx across the bottom of the cylinder were
compared with the outflux across the top and side surfaces and
shown in Fig. 10(c). There is a very good agreement in almost
all cases.

Using the more reliable total flux data presented in Fig. 9(b)
for HiPIMS in a fixed voltage mode and Fig. 9(c) for dcMS, it is
now possible to make new estimates of the radial to axial total flux
fraction for the different magnet configurations. A direct compari-
son with Fig. 7 can be made by calculating the total radial flux
across the side surface of the cylinder divided by the total axial flux
of the film forming material across the top circular surface at
z = 70 mm. The results are shown in Fig. 11. For the HiPIMS case
at a fixed voltage, we see about two times higher mass going to the
side surface of the cylinder than going axially using the COEO,
COES5, and C5E5 magnet configurations. However, using C5E0 and

2.5 T T T T

[deMS
I HiPIMS

Int. sideways rate / Int. axial rate

COE0 COES COEI0 CSE0  CSES
Magnetic configuration

C10E0 CI0E10

FIG. 11. Integrated sideways deposition rate across the cylindrical surface
extending from z = 30 to 70 mm divided by the integrated axial deposition rate
across the bottom surface at z = 70 mm for dcMS and HiPIMS discharges. All
data were recorded using a standard QCM.
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CI10EO, the ratio is around 1.3, which is significantly lower than the
dcMS one. For dcMS, this fraction is rather constant at about
200%, ie., a significantly higher value compared to the 70%
reported in Fig. 7. The fact that this fraction is so much larger
when integrating the fluxes across the cylinder surfaces compared
to point-to-point comparisons is not surprising when considering
that the entire surface area of the cylinder side is 320% greater
compared to the top circle area. However, what is striking is that
the total radial flux of the film forming material is often greater in
dcMS compared to HiPIMS. We, therefore, conclude that the com-
monly reported reduction of the (axial) deposition rate in HiPIMS
compared to dcMS does not seem to be linked with an increased
sideways transport in HiPIMS.

We were not able to carry out the measurement closer to the
cathode (less than 30 mm) due to disturbance of the discharge.
However, we could estimate the deposition rate by extrapolating the
measured data points. We, therefore, extrapolated our recorded
data sets linearly up to the cathode surface followed by curve fitting
and integration over the side surface of the cylinder in order to cal-
culate the sideways flux close to the target. The result shows that
the radial deposition rate increases with decreasing axial distance to
the target, and the majority of the ionized sputtered material is
going sideways in the vicinity of the cathode target. This also agrees
with the findings of Bohlmark et al,”' which report the highest
sideways deposition rate next to the cathode target.

V. CONCLUSIONS

The effect of the magnetic confinement on the deposition rate
and the ionized flux fraction was explored for both dcMS and
HiPIMS deposition from a Ti target. A significant proportion of
the film forming material is deposited radially or parallel to the
target surface in both discharges. For the same operating condi-
tions, the radial deposition rate is always the highest in dc opera-
tion, while it is lower for HiPIMS operation, which is in line with
previously reported axial deposition rates at the substrate position.
However, in the vicinity of the target, the relative radial flux is
higher in HiPIMS than in dcMS. The radial deposition rate
decreases with increasing axial distance from the target surface.
Furthermore, in HiPIMS, the radial ion deposition rate is always at
least as large as the axial ion deposition rate and often around two
times higher. Thus, there are a significantly higher number of ions
traveling radially than axially in the HiPIMS discharge. A compari-
son of the total radial as well as axial fluxes across the entire inves-
tigated plasma volume between the target and the substrate
position allows for revised estimates of radial over axial flux frac-
tions for different magnetic field configurations. It is here found
that the relative integrated radial flux of the film forming material
is greater in dcMS compared to HiPIMS for almost all cases investi-
gated. We, therefore, conclude that the commonly reported reduc-
tion of the (axial) deposition rate in HiPIMS compared to dcMS
does not seem to be linked with an increase in sideways material
transport in HiPIMS. These findings further support that the back-
attraction of the sputtered atoms after ionization is the main reason
for the lower deposition rate in the HiPIMS discharge.
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ABSTRACT

In high power impulse magnetron sputtering (HiPIMS) operation, there are basically two goals: a high ionized flux fraction of the sputtered
target material and a high deposition rate. In this work, it is demonstrated that the former always comes at the cost of the latter. This makes a
choice necessary, referred to as the HIiPIMS compromise. It is here proposed that this compromise is most easily made by varying the discharge
current amplitude, which opens up for optimization of additionally four external process parameters: the pulse length, the working gas pres-
sure, the magnetic field strength, and the degree of magnetic unbalance to achieve the optimum combination of the ionized flux fraction and
the deposition rate. As a figure of merit, useful for comparing different discharges, (1 — f,) is identified, which is the fraction of ionized sput-
tered material that escapes back-attraction toward the cathode target. It is shown that a discharge with a higher value of (1 — f,) always can be
arranged to give better combinations of ionization and deposition rate than a discharge with a lower (1 — ;). Maximization of (1 — f,) is
carried out empirically, based on data from two discharges with Ti targets in Ar working gas. These discharges were first modeled in order to
convert measured plasma parameters to values of (1 — ). The combined effects of varying the different process parameters were then ana-
lyzed using a process flow chart model. The effect of varying the degree of unbalance in the studied range was small. For the remaining three
parameters, it is found that optimum is achieved by minimizing the magnetic field strength, minimizing the working gas pressure, and mini-
mizing the pulse length as far as compatible with the requirement to ignite and maintain a stable discharge.

Published under license by AVS. https://doi.org/10.1116/6.0000079

1. INTRODUCTION are ions of the noble working gas." The development of ionized

The dc magnetron sputtering (dcMS) discharge is a widely Rhys-ical vapor depositioT'l was driven by th.e need to deposit mate-
used technique applied to deposit thin films for applications such rial into high aspect ratio holes on a semiconductor substrate f())s
as integrated circuits, optical coatings, magnetic media, hard and back-end-of-line applications such as filling of interlevel vias.™
protective coatings, and decorative coatings. However, in dcMS, the  This was initially achieved by ionizing the sputtered species in the
sputtered flux consists almost entirely of neutral atoms of the film region between the cathode target and the substrate. The ionization
forming material, and the ions available at the substrate position was performed by applying a secondary high-density discharge in
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this region, either an electron cyclotron resonance discharge”” or
an inductively coupled discharge.”* A significant fraction of sput-
tered species was thereby ionized, and the ionized flux fraction for
Cu have been reported to be higher than 80%.” The ions of the
sputtered material can subsequently be accelerated to the substrate by
a dc bias to a desired bombarding energy. Furthermore, the direction-
ality can be well controlled as the ions are accelerated perpendicularly
to the substrate due to the electric field across the plasma sheath
around the substrate.

More recently, it has been demonstrated that a high ionized flux
fraction can be achieved by high power impulse magnetron sputtering
(HiPIMS).” In HiPIMS, short pulses of high power are applied to a
standard magnetron sputtering device, which leads to high fractions
of ionization of the sputtered species. This has been shown to
improve film surface smoothness and mass density'’~"’ and to
enable control over phase composition and microstructure.'*™"°
Also, improved mechanical'” and optical' *'* properties, as well
as enhanced film adhesion,'® have been reported. There exist a
few reviews on HiPIMS discharge and its properties.'”~*'

However, there is also a drawback as the deposition rate of
the HiPIMS discharge is commonly found to be lower than that
obtained with dcMS."” The HiPIMS deposition rate is typically in
the range of 30%-85% of the dcMS rates, depending on the target
material, when depositing at same average power.'” This hampers
extensive use of HiPIMS in industry. The main reason for the low
deposition rate of the HiPIMS discharge is suggested to be due to
the back-attraction of the ions of the sputtered species to the
cathode target.”” This process is described by a parameter f, that
indicates the probability that an ion of the sputtered material
returns to the target. Much effort has been devoted to increase
the deposition rate of HiPIMS discharges. This has included
modifying the magnetic field geometry,”~”" decreasing the mag-
netic field strength,”™* shortening the pulse length,”~"' and
chopping the pulse into a train of shorter pulses.””"’ The general
conclusion is that increasing the deposition rate in HiPIMS is
indeed possible. However, it often comes at the cost of a lower
ionized flux fraction of the sputtered material.””"*

We will here deal with the problem of optimizing a HiPIMS
discharge with the goal to obtain the maximum possible deposition
rate without adversely affecting the ionized flux fraction. What can
be varied in this optimization process (assuming a given magnetron
target material, size, and geometry) are basically five external experi-
mental parameters, herein called process parameters: the pulse
length tpue, the discharge current Ip, the working gas pressure pg,,
the magnetic field strength |B|, herein quantified by the magnetic
field strength above the racetrack center By, and the degree of mag-
netic unbalance. The degree of magnetic unbalance is herein quanti-
fied by distance zn, of the magnetic null point above the target,
where a strongly unbalanced configuration exhibits a smaller z,y
compared to a weakly unbalanced configuration. Note that the pulse
frequency fyuse is not included in this list of process variables for
the reason that variations in fyus. change neither the ionized flux
fraction nor the deposition rate per unit power. fous. is instead, in
usual practice, varied to set the desired average power level of the
discharge. The cathode voltage is not included because it is not an
independent process parameter; with the other process parameters
chosen, the variations in discharge current are obtained by varying
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the voltage. One effect of such variations in voltage is that the
sputter yield varies. This is discussed in the Appendix. Planar
magnetron sputtering discharges are commonly operated using
argon as working gas in the pressure range of 0.1-4 Pa and an
absolute magnetic field strength in the range of 20-50 mT at the
target surface above the racetrack, typically provided by perma-
nent magnets. It, thus, follows that each of the process parame-
ters should be optimized as far as compatible with the need to
ignite and maintain a stable discharge. We here combine experi-
mental data with modeling in order to unravel how these five
process parameters relate to the ionized flux fraction of the sput-
tered target material and with the deposition rate.

We first note that it is not straightforward how to objectively
define if one discharge is better than another even if both the depo-
sition rate and the ionized flux fraction are known. We will argue
that the lowest ion back-attraction probability B, can be used to
give an answer to this issue, and that the fraction of ionized sput-
tered material that escapes back-attraction (1 — f3,) can be used as a
figure of merit to compare discharges. The reason is that a dis-
charge with a higher value of (1 — ;) always can be arranged to
give better combinations of ionization and deposition rate than a
discharge with a lower (1 — ,). Using (1 — ) also has the advan-
tage that a single measure of the discharge quality combines and
replaces two, the deposition rate and the ionized flux fraction.

The paper is organized as follows. In Sec. II, we show that, in
the HiPIMS discharge, a compromise between a high ionization
fraction in the flux to the substrate and a high deposition rate is
always necessary. We propose that this compromise is most easily
made by varying the discharge current density Jp. In Sec. III, we
investigate the room for discharge optimization when Jp is reserved
for this purpose. We base the data analysis on two HiPIMS dis-
charges with Ti targets in Ar working gas, which we herein call the
Ti/Ar system. The involved physics is also analyzed here based on a
process flow chart model, and we describe a two-step optimization
procedure. Section IV, finally, contains a summary. Details of the
experiments and the modeling are given in the Appendix.

Il. THEORY AND OBSERVATIONS

It is for fundamental reasons impossible to simultaneously
maximize both the deposition rate and the ionized flux fractions in
HiPIMS. Let us start by illustrating why this is so. The variables that
we will use for the argument are defined in Table I. There are two
measures of how good a HiPIMS discharge is: the fraction Fpp sput of
all the sputtered material that goes to the diffusion region (DR) and
the fraction Fi; gy of ionized species in that flux. There are also two
internal discharge parameters that characterize the physics within
the discharge, both taken from the materials pathway model:"*" the
ionization probability, ¢, and the ion back-attraction probability, S,
of the sputtered species.

Three aspects in Table I are worth commenting: first, as the
index in Fpgpu indicates, the flux to the DR is normalized to the
total sputtered flux in the discharge. An alternative is to make the
normalization to dcMS sputtering at the same average power,
which we denote as Fpg 4c; we will return to the difference between
Fprspu and Fpgge in Sec. IV. Second, instead of the actual flux to
the substrate, we here use the full flux that is in principle available
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TABLE I. Definitions of the variables.
Variable Definition Comment
IR Ionization region A volume between the target and the DR. All ionization is approximated to occur within the IR.
DR Diffusion region A volume outside the IR in which the substrate is located.
14 Transport parameter The fraction of a flux (& for target ions and &, for target neutrals), from the IR to the DR, which
goes to the substrate.
Fiifux Tonized flux fraction The ionized fraction in the flux of sputtered target material from the IR to the DR. Calculated over
both the pulse and the afterglow.
Fop sput Flux fraction to the The fraction of the total sputtered flux from the target, which goes to the DR, either as atoms or
diffusion region ions. Calculated over both the pulse and the afterglow. Proportional to the deposition rate when
&~ &~ & holds.
o Tonization probability The fraction of the sputtered atoms that are ionized in the IR.
Brpuise Back-attracted ion fraction  The fraction of ionized sputtered atoms that are attracted back to the target from the IR during the

during the pulse

B Back-attracted ion
fraction, total
B) Time-dependent

back-attracted ion fraction

pulse. Usually assumed to be constant within the IRM (Ref. 35)
The total fraction of ionized sputtered atoms that are attracted back to the target from the IR
during the pulse as well as the afterglow.
The time-dependent fraction of ionized sputtered atoms that are attracted back to the target from

the IR.

for deposition, i.e., the flux to the entire DR (where commonly the
substrate is located), because this makes our formulas independent
of the substrate size and geometry. Third, in addition to the steady-
state (constant) values of ¢ and S, assumed in the original materi-
als pathway model,”””® we here define a time-dependent varia-
ble, B,(t), in order to handle short, nonequilibrium, HiPIMS pulses.
In our calculations, & and B, are defined as time averages over
both the pulse and the afterglow, and a new variable, B s, is
introduced for the back-attraction probability during the pulse. The
latter is used to lock the modeled discharge current to a measured
discharge current waveform when running the ionization region
model (IRM)”” (see Appendix for details).

As shown earlier,””*" two deposition parameters Fygyx and
Fprsput can be expressed as functions of two internal discharge
parameters ¢ and S, as

ol —B)
Fiux = 70~
(T o
and
FDR,sput =(1- atﬁ()- )

The desired goals are both a higher Figu and a higher
Fpgrsput- From Egs. (1) and (2) follows that there is an inescapable
conflict between these two goals. Figure 1 shows Fy g and Fog sput
as functions of ¢, for the example of an assumed fixed value of
B, = 0.87, a typical value for the Ti/Ar system,” which we focus
on here (a small decrease of B, with increasing It is disregarded
here, since it does not change the concept of a HiPIMS compro-
mise which is the issue of the present section). The experimentally
available range in ¢ is illustrated at the top of the figure. Four
examples of peak discharge current densities are drawn at the
appropriate o, values, which have been calculated, for one dcMS

discharge and three HiPIMS Ti/Ar discharge pulses, as described
by Hajihoseini et al.”’

Let us briefly go through the information in Fig. 1 in terms of
discharge current densities, from low pulse amplitudes to high. At

dcMS

-~

HiPIMS

MPPMS

Jp= 0.01 0.15 @@ Alcm?
1.0 T T * T 1.0

08

06+

F DR,sput

04+

0.2

FIG. 1. lllustration of the “HIPIMS compromise” for the investigated Ti/Ar system:
the necessary choice between a high degree of ionization and a high deposition
rate. The black curve (left axis) shows the flux available for deposition from Eq. (2).
The red curve (right axis) shows the ionization fraction in that flux from Eq. (1). A
value of B; = 0.87 is assumed here, as motivated in Sec. Il. At the top of the
panel, some typical discharge current densities at the target are drawn at the
appropriate o values, obtained from the study of Hajihoseini et al. (Ref. 37).
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low discharge current densities, Jp ~ 0.01 A/cm?, we are in the
dcMS regime. Here, the full sputtered flux enters the diffusion region,
Fpr sput & 1. The ionized flux fraction is, however, close to zero. For a
middle range, we choose the ionization probability ¢ ~ 0.5, which is
obtained for current densities around 0.15-0.5 A/em” As indicated
above in the figure, 0.15 A/cm’ is in the lower end of the HiPIMS
range, as defined in the review by Gudmundsson et al,”' and in
the upper end of a proposed modulated pulse power magnetron
sputtering range. When o ~ 0.5, almost half the sputtered flux is
lost, Fprsput = 0.5, but the ionized flux fraction still is rather low,
Fiifiux = 13%, although as much as 50% of the sputtered atoms
become ionized. In another study of the Ti/Ar system,”* higher
current densities were used up to 2.5A/cm’. For this current
density, the ionization probability a; was 0.96, and Fyiqux as high
as 65%—but this came at the cost of a dramatically reduced depo-
sition rate, through losing more than 80% of the sputtered flux
(FpR,sput < 0.2). There is an obvious dilemma here: a high ionized
flux fraction F gy can only be achieved at the cost of a very large
loss in the deposition rate. It also means that we must take both
factors, not only the deposition rate, into account when optimizing
any given HiPIMS process. This is typically not done.
In summary,

(1) Varying the pulse amplitude, as quantified by current density
Jp, makes it possible to vary the ionized flux fraction almost in
the full theoretically available range 0 < Fyjgux < 1.

(2) A gain in ionization is, however, inescapably coupled to a loss
in the deposition rate. Fpgu decreases monotonically with
increasing pulse amplitude, from zero loss of a sputtered mate-
rial at low discharge currents, where o ~ 0, to Fprspur —
(1 — pB,) for high discharge currents, where o, — 1 [Eq. (2)].
For a typical value, 8, = 0.87 of the Ti/Ar system, this means
(for most applications) an unacceptable loss of 87% of the
sputtered material.

(3) These conclusions are generic, i.e., valid for any HiPIMS dis-
charge with such a high S, value. A reduction in f; is the only
way to obtain better combinations of the deposition rate and
the ionized flux fraction.

We also note that, even if a reduction in f; can be achieved, the oper-
ator will always be faced with the need to choose a compromise dis-
charge current amplitude, favoring either the deposition rate or the
ionization fraction. We call this the HiPIMS compromise. The opti-
mization of a HiPIMS discharge, thus, contains two separable sub-
projects: minimization of #, and making the HiPIMS compromise.
One illustrating example of the HiPIMS compromise is reported
by Samuelsson et al.”* when depositing Cr films using Ar as working
gas. They superimposed HiPIMS and dcMS on a single cathode to
vary the time-averaged ion content of the total deposition flux, while
keeping the average deposition rate constant. This was realized by
keeping the HiPIMS pulse characteristics constant while altering the
pulse repetition frequency to adjust the supplied HiPIMS power (and
by that also vary the time-averaged discharge current). A dcMS com-
ponent was added for each choice of HiPIMS pulse frequency to
ensure the same average deposition rates in all experiments. By sys-
tematically investigating the relationship between the fraction of sput-
tered flux generated by HiPIMS (and thereby the ionization fraction
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of the film forming species) and the influence on microstructure,
electrical, and electrochemical properties of the films, the authors
found that considerable influence of the studied properties occurred
already when only some 40% of the total power was supplied by the
HiPIMS technique. Further increase in the HiPIMS power fraction
resulted in comparatively minor influence of the studied properties
yet significant deposition rate efficiency reduction.

11l. RESULTS AND DISCUSSION

A. Optimizing a discharge and the back-attraction
probability g;

In this work, we use data from two studies of the Ti/Ar system.
Experimental details, data, and analysis are given in the Appendix,
by Lundin et al,” Butler et al’**’ (same discharge investigated),
and by Hajihoseini et al.” Here, we only describe the results needed
for the present discussion. The experiments were made in two dif-
ferent standard, unbalanced (type II), circular magnetrons with Ti
targets. In the study by Hajihoseini et al,”” the magnetic field
strength was varied (11.1 mTorr < B,y <23.8 mTorr, as measured
11 mm above the racetrack) as well as the degree of magnetic unbal-
ance (43mm <z, < 74mm). The peak discharge current
density was varied in the range of 0.01-1 A/cm?, where the lower
value refers to a dcMS discharge. In the other discharge,”*”"’
three parameters were varied within typical HiPIMS ranges: the
working gas pressure pg, (0.5-2 Pa), the pulse length #,,;. (100-
400 us), and the peak discharge current density Jp peak (0.7-2.5 A/
cm?). While variations in the pulse discharge current amplitude
made it possible to vary o, almost over the full theoretical range
from 0 to 1, see Fig. 1, analysis of these Ti/Ar discharges’"”’
showed that j, never fell outside the range of 0.8-0.95 in spite of
the large variations in discharge current density, working gas
pressure, magnetic field strength, the degree of unbalance, and the
pulse length. One important question is how important optimiza-
tion within this rather limited available range in f, is. Simply put:
is optimization worth the effort?

Let us, to answer this question by an example, consider an
operator who has made the HiPIMS compromise and decided
that for a particular application an ionized flux fraction of 30%
is suitable. How does the deposition rate vary in the known
range 0.8 < B, <0.95 if the ionized flux fraction is locked at
Fiiiux = 0.307 Figure 2 gives the answer in the graphical form,
using four curves obtained from Eqs. (1) and (2). For the dashed
curves, B, = 0.95 is assumed.

Following the green dotted line from the value Fygux = 0.30
to the red dashed curve gives the ionization probability o = 0.9
(marked by a red square). The black dashed line then shows that
at this value of ¢ only 15% of the total sputtered flux enters the
diffusion region (Fpgsput = 0.15). Solid lines in Fig. 2 show the
effect of reducing the back-attraction to g, = 0.8. Here, a lower
value of ay = 0.69 is sufficient to maintain Fygux = 0.30 (red
circle), and for this & value, Fprput = 0.45 of the total sputtered
flux enters the diffusion region. This, compared to the earlier
value Fprsput = 0.15, corresponds to an increase in the deposi-
tion rate by a factor of three for the same ionized flux fraction of
30%. Optimization is definitely worth the effort.
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FIG. 2. lllustration of that a factor of three improvement in the deposition rate
(left-hand axis) can be achieved, by reducing B, within a realistic range from
0.95 (dashed lines) to 0.8 (solid lines) for the Ti/Ar system. Figy (right-hand
axis) is here maintained at 0.30.

In order to generalize this conclusion, we eliminate ¢ from
Egs. (1) and (2) and obtain an equation,

1-5

FDR,sput 1— ﬂt(l — Fti,ﬂux ) > (3)
which can be used to answer the following question: given a prede-
termined value of the ionized flux fraction, quantified by Fy g,
what can be gained in the deposition rate, quantified by Fpr sput> by
reducing fB,? Figure 3 gives the answer in the graphical form. The
attainable range in our studied Ti/Ar system, 0.8 < B, < 0.95, is
shaded gray. We can see that in this range, the deposition rate (pro-
portional to Fprput) is extremely sensitive to changes in §,. The
gain in the deposition rate achieved by lowering 8, from 0.95 to 0.8
is from a factor three to a factor four, depending on the desired
ionized flux fraction. One might say that a low S, is a kind of hard
currency that may be converted to other valuables: either to “buy”
higher ionization (at a chosen deposition rate) or to “buy” higher
deposition rate (at a chosen ionization fraction). We conclude so
far, regarding the internal parameters a; and f,:

(1) o is easily varied within almost the full theoretical range
0 < o <1 by the discharge current amplitude Jp, but there
is no obvious optimum value. Jp can be used to make the
HiPIMS compromise between the ionization degree and the
deposition rate.

(2) B; is a variable within a much smaller achievable range,
0.8 < B, <0.95, in the studied Ti/Ar system. However, a
reduction within this range has a significant effect, increasing
the deposition rate (for a fixed value of the ionization degree)
by up to a factor of four.

(3) B; was in the Ti/Ar system varied by varying the five external
process parameters Jp, tpuises Brts Znull, and gy, Which, therefore,
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FIG. 3. Effect of reducing S;. A set of curves determined by Eq. (3), giving
For, sput (Which is proportional to the deposition rate) as a function of j; for
examples of fixed values of the ionized flux fraction Fiig.. The available range
of B, found here for the Ti/Ar system is shaded gray. The two cases in Fig. 2,
where Finx = 0.30 is assumed, are marked by circles.

are the available tools for optimization. If Jp is reserved for
setting the o value, only four parameters remain: the pulse
length, the magnetic field strength, the degree of magnetic unbal-
ance, and the gas pressure.

As discussed above, the deposition rate alone is not a suitable
figure of merit for HiPIMS discharges. It needs to be combined
with the ionized flux fraction to be meaningful. Instead, we
propose (1 — ;) to be used as a figure of merit. As can be con-
cluded from Fig. 3, (1 — f,) gives an approximate measure of the
improvement in the deposition rate, at a fixed degree of ionization
in the flux to the substrate.

B. Minimizing g, in the Ti/Ar system: Experiments and
modeling

Maximizing (1 — ) is, obviously, identical to minimizing j,.
The question to be studied in the present section is how f; is influ-
enced when the four process parameters (fpuise> Brts Znull, and pgas)
are varied. The involved mechanisms are not yet well understood
theoretically, which makes it necessary to tackle the problem
empirically. This leads to two requirements: first, experimental data
must be taken in such a fashion that the individual effect of each
process parameter can be separated from the effects of changing
the others; and second, the data must be analyzed in such a way
that f, can be evaluated.

For the first requirement, parameter separability, we need data
that are taken when each process parameter By, Znull, Pgas> and #pulse
is varied while the other, and also the current density Jp, are kept
constant. Here, we have access to primary data from two discharges
in the Ti/Ar system,”>" which are briefly described in Sec. 111 A, A
subset of this data satisfies the condition of changing one process
parameter at a time and will be used here. For the second
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requirement, obtaining fB,, we will build on previous theoretical
analysis of that data by Butler et al,”* Butler,"” and Hajihoseini
et al.”” The experimental details and the analysis are given in the
Appendix. We here in the main text only present the results, i.e.,
how S, changes when each process parameter is varied. The focus
is on the trends not on the absolute values.

The magnetic field was varied in the first discharge, as dis-
cussed by Hajihoseini et al.,”’ in which a 4” Ti target was used. No
systematic effects were found on the deposition rate or on the
ionized flux fraction axially from the target, when the degree of
unbalance was varied in the studied range, so the parameter z is
left out of the discussion here. Note that in a later study, it was
observed that the degree of unbalance has an influence on the
radial material flux perpendicular to the target."" We will not inves-
tigate these findings in the present work, since we here focus on
the axial flux to a typical substrate facing the target. Figure 4 shows
B, as a function of the magnetic field strength (measured 11 mm
above the racetrack center). These f; values are directly obtained
from the measured values of the ionized flux fraction, F;gux, and of
the deposition rate, as described in the Appendix [from
Hajihoseini et al.,”’ see Eq. (A1)]. There is a clear trend such that
B, is lowered when the magnetic field strength is reduced, high-
lighted by a least square fitted straight line. Using the line fit, we
find that B, = 0.96 for the highest magnetic field strength and g, =
0.93 for the lowest magnetic field strength are within the investi-
gated range. According to Fig. 3, this corresponds to a variation of
the deposition rate with about a factor of two depending on ionized
flux fraction. We can note that our proposed figure of merit
(1—pB) changes by a factor of the same order:
(1—0.93)/(1 — 0.96) = 1.8.
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For the effect of changing the working gas pressure, we take
data from Lundin et al,”” in which a 2" magnetron target was
used. The experiments were made for all 12 combinations of two
working gas pressures (pgs = 0.5 and 2Pa), two pulse lengths,
and three different peak discharge current densities. The trend in
B, with working gas pressure can be assessed from Fig. 5, which is
the result of combining experimental data from IRM runs as
described in the Appendix. We are here interested only in how S,
varies with the working gas pressure. The cases with 0.5Pa are
marked with crosses and have an average 8, = 0.84, while the
cases with 2Pa that are marked with circles have an average
By =0.93. This is a significant difference, which according to
Fig. 3 corresponds to a variation of the deposition rate of about a
factor of two depending on the ionized flux fraction. Again, we
find that our proposed figure of merit (1 — 8,) changes by a factor
of the same order: (1 — 0.84)/(1 —0.93) = 2.3.

The effect of changing the pulse length on o; and 3, has been
analyzed by Rudolph ef al.*” and that work is here extended. The
details are summarized in the Appendix. Rudolph et al** used the
IRM to model two HiPIMS discharges from Hajihoseini ef al.” and
extract their internal discharge parameters. Originally, these were
100 us-long pulses that were artificially stepwise shortened for the
analysis, down to 40 us. This means that the ion fluxes, up to the
artificial pulse end, were determined by real discharge data. After the
pulse, the fluxes toward the DR were based on the remaining densi-
ties of target species (atoms and ions) in the ionization region (IR) at
pulse end. In the model, the authors assume g, (afterglow) = 0,
which is justified by the switched-off cathode potential during the

1k -
0 28 figure of merit (1 — 5;) ]
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FIG. 4. 3, plotted as a function of the magnetic field strength By over the race-
track center. The value of 5, was obtained from Eq. (A1) in the Appendix and
based on extracted data on the deposition rate and the ionized flux fraction from
Hajihoseini et al. (Ref. 37). The data were acquired above the target center at a
typical substrate position. The peak discharge current was fixed at 40A
(Jopeak = 0.5 Alem?), the working gas pressure at 1 Pa, and the pulse length at
100 us.

0.2 T . r r
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FIG. 5. Survey of 12 discharge combinations of pressure, pulse length, and dis-
charge current using data extracted from an experimental study by Lundin et al.
(Ref. 39), which was analyzed by Butler ef al. (Ref. 34). Each discharge is rep-
resented by the pair (f, B;), which gives the best model fit, as exemplified in
Fig. 9 in the Appendix, to both the current waveform and the measured ionized
flux fraction. The fitting parameter f denotes the fraction of the discharge voltage
that falls over the ionization region (leading to a potential drop Viz). Please note
that the figure shows only a small part, corresponding to the lower right-hand
corner of Fig. 9 in the Appendix, which shows the full range 0 < f <1 and
0<p <t
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afterglow and thereby an absent back-attracting electric field in
the presheath. This results in a decreasing total B, (pulse + after-
glow) because the relative contribution of the afterglow ions to
the flux toward the DR increases steadily for shorter pulses. For
those two discharges, B, is plotted as a function of the pulse
length and shown in Fig. 6(a). The trend of decreasing f, for
shorter pulses is clear. For the discharge with a peak discharge
current of 41 A (Jppeak =~ 0.5 A/em?), (1 — B,) increases from 0.14
to 0.32, while for the discharge with a peak discharge current of
76 A (Jppeak ~ 1A/ecm?), (1 — B,) increases from 0.16 to 0.28.
This is without compromising the ionized flux fraction that
remains constant for the range of pulse lengths investigated."
However, the authors note that a decrease in the ionized flux frac-
tion for even shorter pulses is to be expected as some minimum
pulse length is required for high electron density to develop and
to sputter and ionize target atoms. Figure 6(b) shows that the jon-
ization probability o also decreases with a shorter pulse length.
The physical explanation has two components. First, for shorter
pulses, a larger fraction of the sputtered atoms is created in the
beginning of the pulse and has a smaller probability of ionization
due to initially low plasma density. Second, a larger fraction of all
sputtered atoms is created close to the pulse end. These atoms
have a larger probability to escape ionization, since the electron
temperature rapidly drops after the end of the pulse.

C. Physical mechanisms and their interplay

We have seen in Secs. 11l A and III B that the external process
parameters have a significant influence on the back-attraction proba-
bility. Figure 7 shows a flow chart model for the network of mecha-
nisms involved in the HiPIMS deposition process. The left column

0.9 — T T T
0.8} 1
g
0.7} 8
--m-- 41 A
(a) —A—T76 A
0.6 T T T
40 60 80 100

pulse length [us]

ARTICLE avs.scitation.org/fjournalfjva

contains the process parameters that can be varied, Jp, Brts Pgass
and tpulse, and the right column contains two parameters, Fyflux
and Fpgput, that characterize the resulting flux to the substrate.
The middle column contains the two internal discharge parame-
ters a¢ and f;. The arrows denote the mechanism through which
a parameter influences another parameter, and their colors indi-
cate the type of influence. A green (filled) arrow marks a cocorre-
lation, i.e., an increase of the parameter at the start of a green
arrow gives an increase in the parameter at the tip, and a decrease
gives a decrease. A red (unfilled) arrow marks the opposite, a
counter-correlation. We will first go through the arrows one by
one and then discuss their interplay. Note that several influence
routes of smaller importance are left out of this diagram, although
identified for the Ti/Ar system.”"”’

The mechanisms to the right in Fig. 7, represented by
arrows from the discharge parameters (middle column) to the
flux parameters (right column), are all determined by Eqs. (1)
and (2). They follow from the definitions given in Table I of the
four involved parameters o, f;, Fiiflux and Fpreput and are, there-
fore, generic, i.e., true for any HiPIMS discharge. These relations
have been thoroughly analyzed before.””*”® We, therefore, here
only briefly review them from the top to the bottom in Fig. 7
with the limited goals to determine the colors of the arrows and
to outline the physics involved.

Influence o — Fyay. From Eq. (1) follows that Figux
increases from 0 to 1 when o is increased from 0 to 1. Such a posi-
tive correlation between a; and Fi g,y is also physically understand-
able: if the ion back-attraction S, is constant, a higher probability of
ionization both increases the ionized flux and decreases the neutral
flux. Both effects increase the ionized flux fraction, and conse-
quently, we get a green (filled) arrow.

a accelerated drop in ionization
(b) probabilty due to lower peak current
0.5 T T T 1)
40 60 80 100

pulse length [us]

FIG. 6. (a) The back-attracted ion fraction B, and (b) the ionization probability o, as functions of pulse length. Two different peak currents 41 A (Jppeak ~ 0.5 Alem?) and
76 A (Jopeak ~ 1 Alcm?) were investigated. The figures were produced using and extending a study by Rudolph et al. (Ref. 42). The calculations are described in the
Appendix.
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FIG. 7. Flow chart that shows the main influences from the external process
parameters (to the left), through internal processes represented by parameters
ot and B, (in the middle column), and finally to the two flux parameters Figux
and Fprsput that are to be optimized (to the right). Routes of smaller importance
are left out of this diagram, although identified for the Ti/Ar system (Refs. 34
and 37). Green (filled) arrows indicate a cocorrelation, and red (unfilled) arrows
mark a counter-correlation as described in the text. The widths of the arrows
indicate the strength of their influence. Figure courtesy of Dr. T. J. Petty.

Influence o — Fprspu- Here, Eq. (2) gives a negative influ-
ence, since increasing o, decreases (1 — of3;). Also, this can be
understood from first principles. A higher ionization probability o
transfers particles from the neutral population to the ion popula-
tion in the total flux toward the substrate. Ions, but not neutrals,
are back-attracted. Consequently, more particles become back-
attracted and the deposition rate (the sum of the ion and the
neutral fluxes) decreases. We here get a red (unfilled) arrow.

Influence By — Fyigu. From Eq. (1) follows that Fygux
decreases monotonically from o to 0 when S, is increased from 0
to 1. The physical reason is that when a larger fraction of ions is
back-attracted, the ionization degree in the flux to the substrate
decreases. The arrow 8, — Fy nux becomes red (unfilled).

Influence B, — Fprspur Also, here, Eq. (2) gives a negative
influence: increasing f, decreases (1 — o f3,). Material is lost from
the total deposition flux (ions and neutrals) when more ions are
back-attracted. The arrow B, — Fprgpu is, therefore, drawn red
(unfilled).

For the mechanisms to the left in Fig. 7, ie., the arrows from
the process parameters (left column) to the discharge parameters
a¢ and B, (middle column), the situation is different. Here, the not
fully understood HiPIMS discharge physics comes into play. The
colors of these arrows, therefore, strictly apply only to the Ti/Ar
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system studied here, being based on the experimental data and the
analysis given in Sec. III B. Two arrows on the left side are drawn red
(open) but with dashed lines. They represent two anticorrelations,
Jo — B, and pgs — @, that were identified in the analysis of the
data.”** These mechanisms have a smaller relevance for the method
of optimization discussed here and are left out of this discussion. For
the remaining mechanisms, we again go from the top down.

Influence Jp — . Both the IRM runs carried out by Butler
et al.”* and the experiments by Hajihoseini et al.’” show that a; gen-
erally increases with increasing Jp. For an example, see the Jp values
from Hajihoseini et al. which are inserted at the top of Fig. 1 at
appropriate @, values. The physical reason for this correlation
between ¢, and Jp is that the sputtered species leave the target with a
typical sputter speed of a few kilometers per second"’ and then pass
through the hot and dense plasma of the ionization region during a
finite time. The question is what fraction of the sputtered species
becomes ionized during the passage. Electron impact ionization dom-
inates over other mechanisms, and therefore, this fraction increases
with increased electron (plasma) density. Higher currents correspond
to higher plasma densities and therefore increase the probability that
sputtered atoms become ionized. For example, IRM runs based on
the discharges from Hajihoseini et al” give n.[m™>]~
4 x 10" x Jp [Acm™?] as an approximate formula for a magnetron
sputtering discharge of this type and size, which agrees well with the
findings of Cada et al.** The arrow Jp — & becomes green (filled).

Influence By — B;. Here, we get a green (filled) arrow By —
B, in Fig. 7 from the empirical results shown in Fig. 4. Please note
that although p, itself varies with only a few percent, the relevant
figure of merit (1 — ;) varies with several tens of percent, as
shown in Sec. III B. The physical reason for the trend in f, has
been proposed to be that a weaker magnetic field gives a reduction
in the (time-average macroscopic) back-attracting electric field in
the IR.”>*® Other possibilities can, however, not be excluded. As
one example, the potential structures associated with spokes®
might depend on the magnetic field strength. This could influence
the spoke-related kick-out of ions from the IR and thus change S,.

Influence pg, — PB,. Here, we have the empirical conclusions
from Sec. 11T B that a higher pressure is correlated with higher back-
attraction, see Fig. 5. This is represented by a green (filled) cocorrela-
tion arrow in Fig. 7. The physical reason for this trend in f, is not
understood, and it is in fact somewhat counter-intuitive. One could
have expected that a lower working gas density should force the dis-
charge to rely more on back-attraction of ions of the sputtered
species and, therefore, a higher B,. One possibility for the observed
opposite trend is that a smaller fraction f of the applied power goes
to Ohmic heating'® when the pressure is lower, which can also be
deduced from Fig. 5. Since Ohmic heating is associated with an elec-
tric potential difference Vg across the ionization region, a lower Vig
for lower pressures might be the reason for a lower f,.

Influence tyuse — B The two pulse lengths used in Butler
et al.”* and Butler,” 100 and 400 us, did not show any clear effect
on f,, probably because both pulses were too long. We, therefore,
here rely on the IRM results described in Sec. III B, which showed
a significant decrease in S, for shorter pulses, see Fig. 6(a). The
physical mechanism is demonstrated to involve the release of the
ions that are in the ionization region at the end of the HiPIMS
pulse, see Appendix for details. For shorter pulses, those released

J. Vac. Sci. Technol. A 38(3) May/Jun 2020; doi: 10.1116/6.0000079
Published under license by AVS.

38, 033008-8



JVST A

Journal of Vacuum Science & Technology A

ions experiencing B, ~ 0 become a larger part of all ions in the
total flux to the substrate. We get a green (filled) arrow in Fig. 7.

Influence tyue — . Also here, we rely on IRM modeling
with artificially shortened pulses. Figure 6(b) shows that o
decreases when . is shortened, i.e., a cocorrelation. The physical
reasons are discussed at the end of Sec. I1T B and result in a larger
fraction of the sputtered atoms escape ionization when the pulse is
shortened. We get a green (solid) arrow from #,,. to e;. The physi-
cal explanation has two components. First, for shorter pulses, a
larger fraction of the sputtered atoms is created in the beginning of
the pulse, and these atoms have a smaller probability of ionization
due to the initial low plasma density. Second, a larger fraction of all
sputtered atoms is created close to the pulse end. These atoms have
a larger probability to escape ionization, since the electron tempera-
ture rapidly drops after the end of the pulse.

Having determined the type of influence (the colors of the
arrows) of the mechanisms in Fig. 7, we now turn to their interplay.
We do this by going through the effects on the flux parameters
(right-hand column) from varying the process parameters (left-
hand column). Before doing this, we recall that the arrows here
mark the effect when one parameter was varied (for example, By),
while the other parameters in the same group (in this case, Jp, pgs,
and tpu) were kept constant. To a first approximation, combined
effects, when several variables are changed, are presumably
obtained by adding the effects of the individual variable changes.

The color-coding of the arrows in Fig. 7 makes it easy to assess
how the change of a process parameter influences a flux parameter.
Two arrows of different colors, along a route, mean that an increase
in the initial process parameter leads to a decrease in the final flux
parameter. An example of this is the relation between a discharge
current density increase and the deposition rate, Jo — & — Fprsput-
This route has one green and one red arrow, which gives a counter-
correlation. A decrease in the current density (while adjusting the
frequency so that the average power is kept constant) leads to a
higher deposition rate, a desirable effect. However, the other route
starting with current density, Jp — @i — Fiaux. has two arrows of
the same color, which means a cocorrelation. A decrease in current
density, therefore, also has the undesirable effect of a decrease in the
ionized flux fraction. This is precisely the dilemma discussed in Sec.
11 above, which is illustrated in Fig. 1 and which necessitates the
HiPIMS compromise.

For two of the three remaining process parameters, By and
Pgas» there are relatively weak cocorrelations with B, (narrow, green
arrows to the left), followed by strong anticorrelations from i, both
to Finu and Fpgrgepu (broader, red arrows to the right). All four
routes from the pair (By, pgas) to Fiinux and Fpg thus contain one
red and one green arrow, and therefore, lowering them always lead
to desirable effects. No compromises need to be made here: the
lowest possible values of the magnetic field and the working gas
pressure give an optimized discharge.

For the remaining process parameter, fys, the situation is
more complicated. In the flow chart in Fig. 7, there are, in both
routes fpue — Fprspu» ONe green and one red arrow. This gives a
net anticorrelation, and therefore, the deposition rate (as quantified
by Fpg,sput) is increased by shortening the pulse length. For the two
routes fpyie — Fii fluxs however, the upper route contains two green
arrows (a net cocorrelation), while the lower route contains one red
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and one green arrow (a net anticorrelation). Thus, we have two
counteracting influences from ty,s. to Fiinux. However, the IRM
modeling results given in the Appendix show that, in the studied
pulses, these closely balance each other: the variation of the pulse
length gave almost no net effect on the time-averaged degree of
ionization in the flux. In summary, we can conclude that also the
pulse length should be minimized. This maximizes the deposition
rate, through both influence routes tyuse — Fprspur» While it has
little effect on the ionized flux fraction due to the balance between
the two counteracting influence routes fpue — o — Fygux and
Lpulse — B — Friftux-

We propose that an optimization procedure based on the
findings above can suitably be separated into two separate sub-
tasks. One is to make the HiPIMS compromise, i.e., to decide a
minimum required level of ionization, in the flux to the substrate,
for the application in question. This value can in practice easily
be implemented by varying Jp. The other subtask is to choose the
remaining four process parameters to achieve the maximum dep-
osition rate for the chosen level of ionization. Here is a procedure
in two steps which uses this approach to maximize the deposition
rate in HiPIMS:

(1) Step 1: Choose the magnetic field strength, the working gas
pressure, and the pulse length with the goal to minimize fj,.
For the Ti/Ar system (and probably also for other systems
where the target and gas properties are similar to Ti and Ar),
each of the three process parameters of magnetic field strength,
working gas pressure, and pulse length should be minimized as
far as compatible with (1) the choice of the other two, and (2)
the need to ignite the discharge and reach a desired discharge
current amplitude Jp.

(2) Step 2: Choose the lowest discharge current in the pulse that
gives the desired properties of the deposited film for the appli-
cation in question. While varying the discharge current, the
pulse frequency fouse shall be adjusted to keep the average
power fixed.

Please note that the present study assumes single, isolated HiPIMS
pulses. More advanced pulse patterns should make further
improvements possible but would call for modified optimization
procedures. As one example, the HiPIMS pulses can be built up of
pulse trains’>** with an internal pulse frequency firain. If firain is suf-
ficiently high, residual plasma in the afterglow can make the igni-
tion of the subsequent subpulses in the train easier. Thereby,
shorter individual subpulses can be used, lowering 8, as discussed
in Sec. IIT B. Other versions of more advanced pulse patterns will
be discussed in a forthcoming paper.

IV. SUMMARY AND CONCLUSIONS

We have explored the possibilities to optimize HiPIMS dis-
charges by varying five external process parameters: discharge
current density, the pulse length, working gas pressure, magnetic
field strength, and the degree of magnetic unbalance. In the analy-
sis, we have used two dimensionless parameters for the deposition
flux, which are not quite standard, Fy gy« and Fpgspu. They both
refer to the total atom and ion fluxes from the IR to the DR that
are in principle available for deposition. Using the total fluxes has
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the advantage that they are independent of the substrate size and
position. As a measure of the deposition rate, we use the total (ion
plus neutral) flux to the DR, normalized to the total flux of the
sputtered material in the actual discharge, denoted as Fpg spui. The
advantage of using Fy fux and Fpgspur is that these variables give the
simple explicit analytical relations in Eqs. (1) and (2), which are
central for the present analysis. One major drawback is that it
becomes unclear how good the deposition rate is in comparison to
dcMS. A measure of more direct relevance than Fpggu for the
user is Fppgc: the flux to the DR, in a studied HiPIMS discharge,
divided by that in a dcMS discharge operated at the same average
power.m’w’l1 The difference between Fprg. and Fprgpu is esti-
mated in the Appendix. We find that typically, in the Ti/Ar system
studied here, the more established normalization to dcMS (Fpg dc)
gives a value that is only 25% different from our normalization to
the sputter yield (Fpgpsput). We conclude that this difference
between Fiflux and Fprsput is not important for our conclusions
regarding optimization.

A key observation in this work is that in HiPIMS a high
ionized flux fraction always comes at the cost of a low deposition
rate. This makes the HiPIMS compromise necessary. We have
here described an optimization procedure in which the discharge
current density amplitude is reserved for making this compro-
mise. This leaves four “free” process parameters to be optimized:
magnetic field strength, degree of magnetic unbalance, working
gas pressure, and the pulse length. As a figure of merit, we propose
(1 — B,), which is the fraction of the ionized sputtered material
that escapes back-attraction to the cathode target and where g, is
the back-attracted ion fraction. We have explored the possibilities
to maximize (1 — f,) by varying the four free process parameters
empirically, based on data from two discharges with Ti targets in
Ar working gas. The discharges were first modeled in order to
convert measured discharge data to values of f,. The combined
effects of varying different process parameters were then analyzed
using a process flow chart model.

The effect of varying the degree of magnetic unbalance in the
studied range was small. For the remaining three parameters, we
find that an optimum is achieved by minimizing the magnetic field
strength, minimizing the working gas pressure, and minimizing the
pulse length. The situation is, however, not quite so simple since
there are conflicts between these. The magnetic field must, for
example, be strong enough so that the magnetron effect is main-
tained, and for a given magnetic field, the discharge cannot be
ignited if the working gas pressure is too low. Also, there is a con-
flict between a short pulse length and the need to get a discharge
current density high enough for a desired ionization in the material
flux. Other conflicts will very likely be identified when optimization
is tried in practice. We can here only conclude that each of the
three parameters By, pgas, and tpuise shall be made as small as possi-
ble, given the choice of the other two, and the need to ignite the
discharge and reach a desired pulse current density Jp. The possible
gain in the deposition rate through such an optimization can be
quite large, as can be seen from two examples in the studied Ti/Ar
system: for a fixed 30% ionized flux fraction, there is an improve-
ment in the deposition rate, by a factor of around two, when the
pressure or the magnetic field strength is lowered, from 2 to 0.5 Pa
or from 23.8 to 11.1 mT, respectively. Combined effects, when
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several variables are changed, are likely obtained by adding the
effects of the individual variable changes. Finally, we note that
our results strictly apply only to the studied Ti/Ar system. The
results probably would be, at least quantitatively, different for
other combinations of the target material and the working gas.
Of particular interest to explore are targets with much different
self-sputtering yields than Ti, and reactive discharges where N,
or O, is added to the working gas.
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APPENDIX: DETAILS ON EXPERIMENTS AND
MODELING

Here, we give details on the experiments, and on the model-
ing, which were used in the analysis of the Ti/Ar system.

1. CHANGING THE MAGNETIC FIELD: THE EFFECT ON g,

In the study by Hajihoseini et al,”” the confining magnetic
field was varied, in which a 4” Ti target was used. The working gas
pressure was fixed at 1 Pa, and the pulse length was fixed at 100 us.
The deposition system was equipped with a VTech magnetron
assembly (Gencoa, UK), where the central magnet and the outer
ring magnet could be displaced individually in the axial direction
by micrometer screws. In this way, the magnetic field above the
racetrack center (z=11mm) was varied in the range of 11.1-
23.8 mT. The degree of unbalance was quantified by the distance z,u
from the target surface to the magnetic null point, which is a charac-
teristic feature of type II magnetrons. The range 43 < z,y < 74 mm
was covered, with the lower value corresponding to the most strongly
unbalanced case. Seven different magnetic field configurations were
studied. The individual displacements of the inner and the outer
magnets made it possible to disentangle the effect of the magnetic
field strength from the effect of the degree of unbalance. For each
magnetic field configuration, HiPIMS discharges were studied both in
a constant-voltage mode and in a constant-peak-current mode, but
only the latter results will be used here. The peak discharge current
Ip peak Was in this mode set to 40 A (Jp peak = 0.5 A/ cm?) by adjust-
ing the voltage. The average power was always maintained at 300 W
by adjusting the pulsing frequency. Both the ionized flux fraction
and the deposition rate were measured, using a gridless quartz
crystal microbalance (QCM) sensor, which can measure the deposi-
tion rate from both ions and neutrals separately by varying a voltage
applied to the biased top QCM electrode, allowing for fast
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measurements (~1 min). The design of the device is described in
detail by Kubart ef al."’ In order to obtain a benchmark for the dep-
osition rates, 300 W dcMS discharges were operated at each mag-
netic field configuration. A more extended description of the
experiments and the data analysis are given by Hajihoseini et al.”’

No systematic effects were found on the deposition rate or on
the jonized flux fraction, when the degree of unbalance was varied in
the studied range.”” To illustrate the trends with the magnetic field
strength at fixed peak discharge current, a representative subset of
the measured deposition rates and ionized flux fractions is shown in
Table II. These data were measured at a typical substrate position,
over the target center at z = 70 mm. Taking all the data into account
(not only the subset in Table 1I), the following trends were observed
when the magnetic field strength was reduced by about a factor two,
from 23.8 to 11.1 mT above the racetrack center:

(1) For dcMS, the deposition rate showed a small increase by
~10%, but there were also variations of about +5% from this
trend.

For HIPIMS, there were significant, and desirable, trends in
both the deposition rate and the ionized flux fraction. The
former increased by 38% and the latter by 53% as the magnetic
field strength was reduced, when operating in the fixed peak-
current mode.

2

-

For the evaluation of f,, we follow Hajihoiseini et al.”” and
combine Eqs. (1) and (2) into an equation that gives j, as a func-
tion of Fy;fux and Fpg sputs

1- FDR,sput

= (A1)
1 — Fprsput(l — Fiiflux)

B

Of the two parameters to the right in this equation, only Fi; g
is directly measured by the QCM detector, while Fpg sput has to be
calculated. This is possible by combining the measured deposition
rates in HiPIMS with those in dcMS at the same average power.
The calculation is described elsewhere’” and involves three factors,
one that accounts for the difference between HiPIMS and dcMS in
the number of ions that hit the target per second (approximately
given by the time-averaged discharge current), one that accounts
for the ion composition (the fractions of ions of the sputtered
species), and one that accounts for differences in the applied poten-
tial that changes the sputter yields of the ions. Figure 4 shows the
B¢ values from Eq. (Al), using the values of Fypux and Fpgput

TABLE II. Selection of results from Hajihoseini et al. (Ref. 37) measured at a
typical substrate position, above the target center at z=70mm using a gridless
QCM.

HiPIMS fixed

dcMS current
Dep. rate Fiiflux Dep. rate Fiiflux
Magnet (A/min) (%) (A/min) (%)
Weakest B, 116 ~0 47 17.2
Strongest By 92 ~0 34 11
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obtained this way. There is a clear trend such that B, is lowered
when the magnetic field strength is reduced. This reduction in S, is
the common cause for both the higher ionized flux fraction and the
higher deposition rate in Table II. This anticorrelation between S,
and the pair (Fyflux, Forspur) follows directly from Egs. (1) and (2)
and is represented by red (open) arrows in Fig. 7.

2. CHANGING THE WORKING GAS PRESSURE: THE
EFFECT ON .

In the second HiPIMS discharge, from the experimental study
by Lundin et al.”’ that was analyzed using the IRM by Butler
et al,”" a 2" magnetron target was used. The experiments were
made for all 12 combinations of two working gas pressures
(pgas = 0.5 and 2 Pa), three different peak discharge current densi-
ties (Jp peak = 0.7, 1.0, and 2.5Acm™2), and two pulse lengths (100
and 400us). In each of these combinations, the peak discharge
current density was first set by adjusting the discharge voltage.
After this, the pulse frequency was adjusted to obtain the same
average discharge power for all cases (200 W). Figure 8 gives typical
data from these discharges. Fiiqux is seen to increase with decreas-
ing working gas pressure, typically 10%-30% (depending on dis-
charge current and pulse length) when the pressure was decreased
from 2 to 0.5 Pa (the shift between the upper and lower curves in
Fig. 8). There is no clear trend with varying the pulse length, and
therefore, the 400 us pulses are not shown.

The deposition rates in this experiment were not measured for
the corresponding dcMS cases. Therefore, there was no absolute
calibration of the deposition rates; Fpgspur could not be evaluated,
and thus, B, cannot be obtained from Eq. (A1) as we did above for
the other experiment. Instead, we resort to modeling made by

Butler ef al.’" with the IRM, a plasma chemical, zero dimensional,
1 00 T T T T T
—u—Ti/Ar: 0.5 Pa, 100 pus
80 —e—Ti/Ar: 2.0 Pa, 100 ps

S
LLE af /{» |
20} g .
gl : i ; .
0.5 1.0 1.5 2.0 25

-2
JD,peak [A.cm™]

FIG. 8. Collected results from measurements of the ionized flux fraction from
Lundin et al. (Ref. 39) of HiPIMS discharges using a 2” Ti target at two different
Ar gas pressures, three different peak discharge current densities, and
100 us-long pulses.
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and time-dependent model for the ionization region above the
racetrack. The IRM is written in such a way that experimental data
are used to constrain the model so that it reproduces a specific mag-
netron discharge pulse.”>"* A short description of this fitting proce-
dure is needed here. First, the IRM model is adapted to the
discharge in question as regards to geometry, working gas species,
pressure, and target material, and then a HiPIMS pulse is chosen for
modeling. The measured discharge voltage Vp(t) and discharge
current Ip(t) are to this purpose combined to give the electric power
Peec(t) = Vp(t)Ip(t), and two fitting parameters are introduced: the
ion back-attraction probability during pulse Sy, and a second
parameter, which quantifies the fraction of Pee(#) that goes to the
electrons in the discharge. In the current version of the code, this
second parameter is denoted by f. For the present discussion, it is
sufficient to know that a higher f corresponds to more efficient elec-
tron energization. In different versions of the IRM, different versions
of the energy fitting parameter have been used, depending on if one
(thermal) or two (thermal plus hot) electron populations are used,
and on whether Ohmic heating of the electrons is included or not.
The present version is the most advanced of these alternatives. For a
survey of various IRM versions, see Huo et al.”

When the model is run for a pulse, with an assumed combina-
tion (f, By puse)s it produces all the (time-dependent) volume-averaged
densities and temperatures of the gas and the plasma species inside
the IR and also the various particle fluxes out of the IR. The ion and
electron fluxes to and from the target are used to obtain a modeled
time profile Iirp(t) of the discharge current during the pulse. For
Fig. 9, the model is first run for 40 x 50 = 2000 different (f, S pue)
combinations in the entire possible ranges [0,1] of f and B, ., and
then the model is locked to the best case of these. The usual condi-
tion for locking the model’>"” is that this time profile shall agree

r=0.750 : restricted by exp. Iff & current (%)
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FIG. 9. How j, is obtained by modeling. An illustration of how the fitting proce-
dure locks the value of B in the IRM code as described in the text.
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with the measured discharge current waveform, Iipy(t) ~ Ip(t). This
condition typically constrains f and S ;. to a crescent-shaped area
in the (f, Bipuse) parameter space, as exemplified by the gray-
shaded area in Fig. 9. As can be seen this fitting alone leaves a
rather large uncertainty as regards the correct value of B,y
However, for the here investigated discharges, Butler et al ™
introduced the measured ionized flux fraction Fyg.x as a means
to further constrain the model. The condition is that the IRM
shall reproduce also Fyayy. This condition, taken alone, con-
strains the model to the area marked with blue dots in Fig. 9.
Together, the two constraints on Ip(t) and Fyaux lock the pair
(f> Bipuise) to the small area marked with red dots. Figure 5 in
the main text shows the locations of 12 such best-fit pairs
(f> Bipuise)> one each for the experimentally studied combina-
tions of pressure, discharge current, and pulse length first
reported by Lundin et al.”” Each discharge is here represented by
a cross or a circle at the best fit (f, B puse) combination from the
IRM model. The S values of these fits are the data we will
use here. For each of the six combinations of the pulse length
and current, there are two data points for different working gas
pressures, which means that we have six pairs of data that satisfy
the condition that only the pressure is changed. This gives six
values of AB,use = (Bipuise(2 Pa) — Bipuise(0-5Pa)). The average
of these six values can be rewritten as

_ Zﬁt,pulse(z Pa-) - Zﬂt,pulse(o-s Pa)

(BBupue) = - (42)

The average <Aﬁt,pu]se> has a simple geometrical interpretation in
Fig. 5: the difference, in B puie> from the average position of the data
points at 2 Pa to the average position of the data points at 0.5 Pa.

Butler et al.”* discussed an approximation made in the anal-
ysis above. It concerns the Ti' ions that are in the ionization
region at the end of the HiPIMS pulse. Since the back-attracting
electric field disappears at the pulse end, these ions may experi-
ence a reduced fS(t). For a 100 ps-long pulse, the authors esti-
mated that the time-integrated number of Ti" ions going from
the IR to the DR is approximately ten times the number of Ti*
ions that are left in the IR at the pulse end. If these “afterglow
ions” retain their directed velocity from the sputtering process,
then they are all moving away from the target. For this case,
which would give an effective 3,(t) = 0 after the pulse, about 10%
of the time-integrated (pulse + afterglow) ions flow to the diffu-
sion region was estimated to come during the afterglow. Since
there are also neutrals in the afterglow, these 10% (of all ions)
should influence the total (time averaged) Fiaux by less than
10%. The IRM model fitting made by Butler et al’* was made
disregarding this effect. This approximation was supported by
the fact that a change from a 100 us pulse to a 400 us pulse gave,
at most, a marginal influence on the ionized flux fraction.

3. CHANGING THE PULSE LENGTH: THE EFFECT ON g,

The influence of shorter pulses on the deposition rate and the
ionized flux fraction could not be assessed directly from measured
data since no pulses shorter than 100 us were used. Instead, we use
and extend a study by Rudolph et al."* The study was based on two
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experimental discharges with 100 us-long pulses with two different
peak discharge currents from Hajihoseini et al,”” which were
modeled using the IRM. A computer experiment was made con-
sisting of artificially shortening these two pulses. The shortened
pulses in that study had approximately the same peak discharge
current as the full length (100 us-long pulse), therefore fulfilling
the condition for constructing the flow chart of Fig. 7 that only
one process parameter at a time is varied. Only the shortest pulse
length investigated (40 us) had a roughly 22% (16%) lower peak
current compared to the reference discharge (pulse length of
100 us) with Ippeac = 41 A (76 A). Here, we show the calculation
of the internal discharge parameters ; and S, that were not dis-
cussed in the previous work.

The IRM uses fB(t) to calculate the ion fluxes by imposing
that, in each time step, the fraction f(t) of the ions that leave the
ionization region goes to the target, and, consequently, the remain-
ing fraction [1 — B,(t)] to the DR. In the afterglow, no more ions
are back-attracted to the cathode due to the absence of the electric
field over the ionization region. In the afterglow, the authors
assume no redeposition on the cathode. The time-dependent f,(t)
then becomes

during the pulse,

between pulses. (A3)

— ﬂ, ulse
ﬁm—{ o

The time-averaged f, is calculated according to Eq. (A4) for a time
period including the pulse and the afterglow,

) back-attracted target ions
N 3 target species ionization events

B (A4)

The decreasing average f; for shorter pulses [Fig. 6(a)] is a
direct consequence of a decreased contribution to the DR flux from
the pulse-on time. As the flux from the afterglow typically has a
higher ionized flux fraction compared to the flux leaving the IR
during the pulse,"” the time-averaged ionized flux fraction F; gy is
not adversely affected.

The ionization probability o, describes the probability that a
sputtered metal species is ionized during a pulse. It is calculated
according to the following equation:

_ > target species ionization events
>~ sputtered target species

a; (A5)

The slight decrease in ionization probability for shorter pulses
[Fig. 6(b)] at least for the pulse lengths down to 60 us stems from
the reduced time for ionization as the pulse lengths shortens. A
stronger decrease for the shortest pulse length of 40 us is in addi-
tion due to the lower peak current for this pulse length [Fig. 6(b)].
The decrease in ionization probability o does not affect the ionized
flux fraction because of the simultaneous decrease in the target ion
back-attraction f;, which compensates for the lower ionization
probability. That results in a constant ionized flux fraction inde-
pendent of pulse length—at least for the range of pulse lengths
investigated. "
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4. DIFFERENCE BETWEEN Fpggc AND Fog sput

Finally, let us estimate the difference between the two different
ways to normalize the deposition rate, Fprdc and Fpggput. For
Fprde the total flux (atoms and ions of the target species), to the
DR in the HiPIMS discharge, is divided by the sputtered flux from
the target to the IR in a dcMS discharge at the same average power;
for Fpgsput, it is divided by the sputtered flux in the same HiPIMS
discharge. Assuming that the sputtered neutral fluxes have the same
probability to reach the DR in the HiPIMS as in the dcMS dis-
charge, the difference between Fprdc and Fpr gput is given by the dif-
ference between the sputtered fluxes from the target in the two
discharges (the studied HiPIMS discharge and a dcMS discharge at
the same average power). These fluxes are given by the time-
averaged ion current to the target, multiplied by the effective sputter
yield Ye. Fprgc is, at constant power, proportional to 1/Vp, and
Fpprsput is @ function of both the discharge voltage Vp and the ion
composition in the ion current to the target. Following Hajihoseini
et al,”” we use { to denote the fraction of the working gas ions in
the ion current to the target [the remaining fraction (1 — {) being
ions of the sputtered species]. The sputter yield of Ar" ions on Ti is
about 15% larger than that for Ti" ions at the same bombarding
energy.”’ In our discharges, Vp is typically in the range of 600-
1000 V, and the sputter yield is approximately proportional to the
square root of the ion bombarding energy q;Vp.” At constant
power, a higher pulse voltage is compensated by a lower (time aver-
aged) current, and the sputter yield per unit power, therefore, is
oc1/y/Vp. For an estimate of a typical difference between Fpg 4 and
Fppsput> we take a HiPIMS discharge in the middle of the ranges in
voltage and ion composition with Vp =800V and { = 0.5. We
compare it with a dcMS discharge with Vp = 600V and { = 1. The
sputtered flux in the dcMS discharge is larger by two factors: one
due to the voltage difference and one due to the 7.5% higher yield
for pure argon ions than for a 50/50 mix of Ar and Ti ions. This

gives [P o 800 600 1 075 = | /30 5 1,075 = 1.24. We con-

7

Forae - 600
clude that typically, for the Ti/Ar system studied here, a normaliza-
tion to the sputter yield (Fprspu) gives a value that is 20%-30%
higher than the more established normalization to dcMS at the
same power (Fpgdc)-
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