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Abstract

Thin hafnium nitride films were grown on SiO2 with reactive high power impulse
magnetron sputtering (HiPIMS) and reactive direct current magnetron sputtering
(dcMS). The conditions during growth were kept similar and the film properties were
compared as growth temperature, nitrogen flow rate, and in the case of HiPIMS, duty
cycle were independently varied. The films were characterized with grazing incidence
X-ray diffraction (GIXRD), X-ray reflection (XRR) and X-ray stress analysis (XSA).
HiPIMS growth had a lower growth rate for all grown films, but the films surfaces
were smoother. The film density of HiPIMS grown films with low duty cycle were
comparable to the dcMS grown films. Increasing the duty cycle increased the density
of the films almost to the bulk density of HfN as well as increasing the growth rate,
while roughness did not change significantly. The HiPIMS grown films had large
compressive stress while the dcMS grown films had some tensile stress. The grain
size for the [111] and [200] crystallites of the HiPIMS grown films did not agree
with the grain size of the dcMS grown films. The grain size of HiPIMS grown films
decreased with increasing nitrogen flow rate, while the dcMS grain size increased
with increasing nitrogen flow rate. The grain size changed less as a function of
growth temperature but the dcMS grown films had larger grains. This work shows
that duty cycle during HiPIMS growth of HfN films has a significant effect on the
film density and growth rate while other film properties seem mostly unaffected.
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Útdráttur

Þunnar hafníum nítríð húðir voru ræktaðar á SiO2 með hvarfaspætun í háaflspúl-
saðri segulspætu (HiPIMS) og jafnspennu hvarfasegulspætun (dcMS). Aðstæðum
var haldið svipuðum á meðan ræktun stóð og eiginleikar húðanna voru bornir saman
sem fall af ræktunarhitastigi, niturflæði, og fyrir HiPIMS, starfslotu, sem var breytt
óháð öðrum breytum. Húðirnar voru skilgreindar með lághorns röntgenbognun
(GiXRD), röntgen speglun (XRR) og álagsgreiningu með röntgengeislum (XSA).
HiPIMS ræktun sýndi minni ræktunarhraða fyrir allar ræktaðar húðir, en yfirborð
þeirra var sléttara. Eðlismassi húða sem ræktaðar voru með HiPIMS við lága starf-
slotu var sambærilegur við eðlismassa húða sem ræktaðar voru með dcMS. Með
því að auka starfslotuna þá jókst eðlismassi húðanna upp að fræðilegum eðlismassa
HfN og rætkunarhraði jókst án þess að hafa veruleg áhrif á hrjúfleika húðanna.
HiPIMS ræktaðar húðir höfðu stórt þjöppunarálag á meðan dcMS ræktaðar húðir
höfðu minna þanálag. Kornastærð í [111] og [200] kristalsstefnur HiPIMS ræktuðu
húðanna minnkaði með auknu niturflæði á meðan hún stækkaði með auknu nitur-
flæði fyrir húðir ræktaðar með dcMS. Kornastærðin breyttist minna sem fall af
ræktunarhitastigi en dcMS ræktuðu húðirnar höfðu talsvert stærri korn. Þetta verk
sýnir að starfslota á meðan HiPIMS ræktun stendur á HfN húðum hefur mikil áhrif
á eðlismassa og ræktunarhraða húðanna á meðan aðrir eiginleikar húðanna breytast
lítið.
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1 Introduction

Coating by thin films has been applied for over a century (Grove, 1852; Wright,
1877). In the last decades thin films have become an integral part in most modern
technology, as vacuum technology and knowledge of thin film properties advanced.
The unique properties that thin films show over bulk materials and the constant
shrinking of devices makes thin films an integral part in most modern electron-
ics. They play an essential role in various applications such as LEDs, data storage,
semiconductor devices, various sensors and displays. Furthermore, thin films are
also used for hard and protective coatings on tools as well as being promising in
other technologies such as thin film solar cells, as architectural glass and in thin film
batteries.

High quality thin films can be produced with many different techniques, most no-
tably chemical vapor deposition, atomic layer deposition, molecular beam epitaxy,
thermal evaporation and sputtering. Sputtering is the process applied in this work
and refers to when particles are knocked off a solid target of the desired material
by bombardment of energetic particles, which often are gaseous ions. Sputtering
is thus a physical vapor deposition (PVD) method. PVD was originally performed
by applying a dc voltage across a gas filled gap between two electrodes, where the
cathode served as the target or the source of the material to be sputtered. These
discharges are commonly referred to as diode sputtering devices. However, these
discharges have to be operated at a higher pressure than is optimal for transport of
sputtered material, thus deposition rate is very low. Furthermore, the applied volt-
age is very high, or in the range 2000 V to 5000 V (Gudmundsson and Hecimovic,
2017; Westwood, 1976). In the 1960s and 1970s, sputtering was improved by adding
a permanent magnet behind the target cathode of the dc sputtering diodes, which
helps keep a dense plasma close to the target and as a result the applied voltage
and the pressure in the process can be reduced (Chapin, 1974; Gill and Kay, 1965).
This configuration is referred to as magnetron sputtering. The discharge current
and subsequently the power put into the process could also be increased because of
the addition of the magnet, increasing the deposition rate considerably.

Magnetron sputtering can be divided into radio-frequency magnetron sputtering
(rfMS), direct current magnetron sputtering (dcMS), asymmetric bipolar magnetron
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1 Introduction

sputtering and high power impulse magnetron sputtering (HiPIMS) depending on
the voltage waveform applied to the cathode. rfMS uses alternating current with
a frequency on the order of MHz and can be used to sputter dielectric materials
without any charge buildup. As the name implies, dcMS uses direct current to con-
tinuously sputter material from the target onto the substrate and can be used to
sputter metals and alloys. HiPIMS however, uses short bursts of powerful pulses
with a low frequency that sputter material effectively while it is on. In all of these
processes the plasma density and sputter rates are limited by heating of the target
and magnet (Gudmundsson et al., 2012). Because of the high power applied in
the HiPIMS pulses, much more of the sputtered species becomes ionized, meaning
it is an ionized physical vapor deposition (IPVD) (Helmersson et al., 2006). The
increased ionization of the sputtered vapor has been demonstrated to improve the
quality of the deposited film, such as increasing film density (Samuelsson et al.,
2010), improving surface roughness (Magnus et al., 2011; Sarakinos et al., 2007) and
improving hardness (Ehiasarian et al., 2004; Paulitsch et al., 2010). However, the
deposition rate is usually significantly lower than that of dcMS (Helmersson et al.,
2006; Samuelsson et al., 2010).

Transition metal nitride films have recently attracted attention due to their many
good physical properties. They generally have high hardness, thermal stability
and electrical conductivity and are good diffusion barriers. One of those transi-
tion metal nitride films is hafnium nitride. It has a very high thermal stability
with Tm = 3380◦C, a relatively low electrical resistivity of 33µΩcm (Pierson, 1996,
p. 198) and the highest negative free energy of formation of all the metal nitrides,
−88.2 kcal/mol (Wittmer, 1985). It also has a bulk density of 13.845 g/cm3 (Perry,
2011, p. 194) and hardness of 16.3 GPa (Pierson, 1996, p. 198). It has previously been
shown that HfN films are an excellent candidate for Cu diffusion barriers (Araujo
et al., 2008; Takeyama et al., 2014; Yoshimoto et al., 2000). They are also promising
in solar control coatings as well as highly reflective back coatings for solar cells and
diodes (Hu et al., 2014).

Here we report on the growth and characterization of thin hafnium nitride films by
reactive HiPIMS on silicon with 1 µm of thermally oxidized silicon oxide performed
in a custom built sputtering chamber. The film properties are also compared to
films grown with dcMS sputtering in the same chamber, at similar conditions.

The film texture and grain size is examined ex-situ by grazing incidence X-ray diffrac-
tion (GIXRD) measurements, XRD-sin2(ψ) measurements and low–angle X–ray re-
flectivity (XRR) measurements are performed to determine the growth rate, film
density, surface roughness and intrinsic stress.
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In the second chapter, the theory behind magnetron sputtering, reactive magnetron
sputtering, HiPIMS, dcMS and the X-ray measurements performed will be explained.
In the third chapter, the experimental setup will be described along with all equip-
ment used. In the fourth chapter, the results from sputtering of the HfN thin films
will be introduced along with comparison to other work. Finally, the fifth and last
chapter will contain the conclusions that can be drawn from this work.
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2 Magnetron sputtering and thin
films

In this work we applied magnetron sputtering to grow hafnium nitride thin films.
Here a brief introduction to magnetron sputtering, including reactive magnetron
sputtering and high power impulse magnetron sputtering, is given. The films are
analyzed by various X-ray analysis techniques that will be described briefly as well.

2.1 Magnetron Sputtering

Sputtering is one of many techniques that can be used for thin film growth. During
sputtering, a target made of either metal or some compound is bombarded with
ions which removes atoms and molecules from the target. They then settle on a
substrate that is often placed in front of the target and form a thin film.

Magnetron sputtering usually takes place in a vacuum chamber, which is filled with
an inert process gas, such as argon at a pressure on the order of 0.01 to 1 Pa. The
metal target, the cathode, is electrically isolated from the rest of the chamber. A
substrate is located at some distance away from the target that is intended for the
film to grow on. The target works as a cathode with applied voltage Vd and the
chamber works as an anode. The target has a permanent magnet behind it that
induces a magnetic loop that goes through the target surface.

To get the ion bombardment needed for the sputtering, a large negative voltage is
applied to the cathode (target). A sheath forms close to the cathode. The thickness
of the sheath depends on the current density and most of the applied voltage drop
across the sheath (Gudmundsson and Hecimovic, 2017). Since the cathode is neg-
atively biased, argon ions are attracted to the cathode and collide with the atoms
in the target. As ions bombard the target two processes can occur; the bombarding
ion can release an atom or an electron of the target material, or the metal atoms
in the target can lose electrons through the Auger process. An electron in the solid
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2 Magnetron sputtering and thin films

transfers from a bound state in the solid to a vacant state in the ion. The energy
difference between the states is transferred to a second electron in the solid, releasing
it from the solid. This effect is important for energies of the ions that are under
1 keV (Thomas, 1984). This is called secondary electron emission and is very impor-
tant for the self-sustainability of the plasma. The secondary electron emission yield
γsee is the number of electrons released per ion bombarding the target surface. The
electrons released from the target surface are then accelerated across the cathode
sheath due to the sheath potential. The electrons arrive in the bulk plasma at high
energy and will eventually collide with the argon atoms, ionizing them.

At the same time, the argon ions can shoot out metal atoms from the target, va-
porizing them. These metal atoms either fly off, settling on chamber surfaces and
the substrate, or in some cases it can become ionized. These sputtered atoms and
their ions are what form the film being deposited. When the sputtered material is
ionized it is possible to control the energy of the sputtered species as they hit the
substrate. If the atoms become ionized they can also be drawn back to the target,
colliding with it and causing more metal atoms to be sputtered off, referred to as
self-sputtering (Colligon, 1974).

Figure 2.1: A diagram that shows the position of magnet, target and sample with
respects to each other as well as magnetic field lines that go through the target.

The reason for the name magnetron sputtering is the addition of the permanent
magnets mentioned above. The magnets are placed at the back side of the target,
as seen in figure 2.1. The magnets have a north pole in the middle of the target and
a south pole on the edge of it. The magnetic field then loops through the target,
shown in figure 2.1, inducing a cyclic motion of the electrons in the plasma. At the
same time, the ions are mostly unaffected due to their large mass-to-charge ratio.
Because the electrons are confined close to the target, ionizing collisions with the
gas become more frequent. This in turn increases the number of ions bombarding
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2.2 Reactive Magnetron Sputtering

the target, increasing both sputter yield and secondary electron emission, making
the sputtering self-sustainable.

One of the main limiting factors of magnetron sputtering is heating of the target.
The ion bombardment causes vibrations in the lattice of the metal target, which
translates to increased heat. This heating of the target can lead to melting of the
target, as mentioned earlier, and causes gas rarefaction close to the target surface.
To counteract the heating, the target is cooled. Direct cooling of the target is dif-
ficult, but cooling the backside of the target is usually possible, either with water
or, if needed, with liquid nitrogen. Because both effective temperature and pressure
close to the target have an effect on the sputtering parameters, it is important that
the target reaches thermal equilibrium. Reaching the equilibrium usually takes a
few minutes, and in this time the substrate is covered to avoid defect formation in
the film.

One of the most used magnetron sputtering techniques is direct current magnetron
sputtering (dcMS). This technique can be used in either a constant voltage, constant
current or a constant power mode. Direct current magnetron sputtering is usually
performed in the range 300 V to 700 V, depending on the target material and the
process gas, and at a pressure of 0.01 to 1 Pa. The current density is then in the
range of 4 to 60 mA/cm2 and the power density is in the range 1 to 40 W/cm2

(Waits, 1978).

2.2 Reactive Magnetron Sputtering

Reactive magnetron sputtering follows the same principles as magnetron sputtering,
but now a reactive gas, usually O2 or N2 is mixed with the inert process gas. The re-
active gas can form a compound with the metal in the target, producing compound
thin films. This reaction can occur in the plasma, on the substrate or on the surface
of the target.

However, reactive sputtering also causes difficulties and complications. A compound
layer can form on the target. When this happens, the target is considered to be in
poisoned mode, as opposed to metal mode. The thickness of this layer and the time
of formation is dependent on the partial pressure of the reactive gas mixed to the
noble gas. The layer changes the sputtering yield and the secondary electron emis-
sion yield of the target, therefore changing growth rate and the discharge current.
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2 Magnetron sputtering and thin films

How the poisoned mode affects sputtering yield is dependent on the ion energy and
the atoms involved. However, complete poisoning of the target has been shown to
significantly reduce sputtering yield during sputtering of Ti with the reactive gas
being O2 (Gudmundsson et al., 2016). Poisoning and lower sputtering efficiency
of N2 compared to argon has also been linked to a drop in sputtering yield when
depositing CrN in an Ar/N2 mixture (Greczynski et al., 2010).

The partial pressure of the reactive gas is also very important for the composition
of the resulting thin films, and it is common to end up with films that have a wrong
fraction of the reactive gas in the film, and are then over-stoichiometric, or under-
stoichiometric. This can change characteristic behaviors and properties of the film
(Bernoulli et al., 2013).

2.3 High Power Impulse Magnetron Sputtering

The high power impulse magnetron sputtering (HiPIMS) discharge is a fairly new
growth method that uses short and powerful pulses with a low repetition frequency.
The pulses generally have a length of 10 to 400 µs, a frequency of 50 to 5000 Hz, and
a duty cycle of about 0.5 % to 5 % of the total period (Gudmundsson et al., 2012).
This causes the peak power to be many orders of magnitude higher than for dcMS.
The higher peak power causes high electron density, which in turn causes the atoms
that are sputtered off the target to become mostly ionized.

Because of the high ionization fraction of both the process gas and the sputtered
species, a runaway can occur in the HiPIMS process, where the current quickly
rises to very high values. This can happen because of either self-sputtering, where
the high ionization of the sputtered species leads to its ion participating in further
sputtering, or because of working gas recycling. Under certain conditions, the ions
of the target material can be created at a sufficient rate, so that the inert gas supply,
usually argon, can be turned off but the sputtering will continue (Andersson and
Anders, 2009). The sputtering is then in a self-sustained mode. The condition for
sustained self sputtering is described by Anders (2010)

Π ≡ αβγss = 1 (2.1)

where α is the probability that a sputtered atom becomes ionized, β is the probabil-
ity that the newly formed ion returns to the target and γss is the self sputter yield.
This has been shown to occur if the self-sputter yield is high, above γss ≈ 1 (Bren-
ning et al., 2017). However, if the self-sputter yield is below γss ≈ 0.2 the runaway
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2.3 High Power Impulse Magnetron Sputtering

current is dominated by process gas recycling. The most common case is how-
ever a mix of the two processes. Brenning et al. (2017) also finds that the runaway
can be theoretically unlimited if γss > 1, but is finite, albeit very high, in other cases.

The ionization of the sputtered species has been shown to increase the quality of
the deposited film. Improvements in film density (Samuelsson et al., 2010), surface
roughness (Agnarsson et al., 2013; Magnus et al., 2011; Sarakinos et al., 2007), hard-
ness (Greczynski et al., 2010), lesser out-diffusion (Tsai et al., 2017) and improved
adhesion (Ehiasarian et al., 2007) have been shown. Additionally, the ionization of
the sputtered species effectively raises the growth temperature, and it is possible
to grow the rutile phase of TiO2 at room temperature, when normally annealing at
800 ◦C is needed (Agnarsson et al., 2013; Konstantinidis et al., 2006).

Because of the long delay between pulses, poisoning is an important problem in
HiPIMS. Poisoning is affected by active sputtering time, the average power and the
partial pressure of the reactive gas. Since duty cycle is easy to change, it can be
used to study the effect of poisoning. Duty cycle of a HiPIMS pulse is the fraction
of the whole cycle when sputtering is taking place. The duty cycle is therefore the
repetition frequency of the pulses multiplied by the pulse length. If the duty cycle
is high, the target gets cleaned of all compound material in each pulse effectively
enough to stay in metal mode. If the duty cycle is low, the target can not clean all
of the compound material off, which then begins to build up over time.
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2 Magnetron sputtering and thin films

Figure 2.2: The discharge current waveform for a single HiPIMS pulse during sput-
tering of hafnium in an Ar/N2 mixture with the repetition frequency 70Hz and
pulse length 400µs. The dip at 100µs is due to rarefaction of process gas close to
the target.

HiPIMS pulse has a characteristic shape when plotted against time, caused by the
rarefaction of the inert gas, process gas recycling and self-sputtering. Since the pulses
are more powerful, the collisions between the process gas and the sputtered atoms
move the process gas away from the target, causing a rarefaction. The collisions also
increase the effective temperature near the target. However, the rarefaction causes
the sputtering yield to decrease, therefore the process gas can again move closer to
the target. Eventually, equilibrium argon density is reached. This can be seen on
figure 2.2: the current reaches a maximum right at the beginning, but rarefaction of
the process gas causes the current to drop quickly before stabilizing. For long pulses
a plateau appears and the currents remain roughly constant throughout the pulse.

Even with the same overall average power, the film growth rate of HiPIMS is usu-
ally lower than for other sputtering processes, making it not feasible for industrial
processes that need a high output. However, many modern applications require in-
creasingly thin films, and the increased quality of films is becoming more important
than the higher output volume of other growth processes, making HiPIMS the pre-
ferred growth method.
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2.4 Stress in thin films

Earlier it has been demonstrated that HiPIMS-deposited TiN films produce denser
films at lower deposition temperatures, have significantly lower surface roughness
(Magnus et al., 2011), and have significantly lower electrical resistivity than dcMS
grown films on SiO2 at all growth temperatures, due to reduced grain boundary
scattering (Magnus et al., 2012). It was also demonstrated that ultrathin contin-
uous TiN films have superior electrical characteristics and are more resistant to
oxidation than the dcMS grown films. Furthermore, Fager et al. (2017) showed that
Ti0.41Al0.51Ta0.08N grown films, where the Ta target was in HiPIMS mode and the Ti
and Al targets were in dcMS mode, has a much higher density, hardness and elastic
modulus values than films of the same composition where all targets were operated
in dcMS mode. More recently vanadium nitride thin films grown by HiPIMS have
been shown to have higher film density and lower surface roughness than films grown
by dcMS (Hajihoseini and Gudmundsson, 2017). Also Elmkhah et al. (2018) showed
that HiPIMS grown TiN protective thin films had a denser nanostructure, smoother
surface, higher integrity and fewer defects than dcMS grown films.

2.4 Stress in thin films

Since sputtering is a non-equilibrium process, the films are usually not in their most
stable state. This is sometimes advantageous, as the most stable state is often not
a film at all but a small ball of the material. However, since the atoms are not
in their most relaxed position, stress will often be induced in the film. Mechani-
cal stresses in thin films can be either tensile or compressive. Under tensile stress
the lattice spacing between atoms is elongated, whereas under compressive stress it
is contracted. Compressive stress can cause buckling, blistering and delamination
while tensile stress can cause cracking in the film. However, compressive stress can
also increase hardness and toughness of thin films (Zhang et al., 2013).

Many factors have been shown to contribute to stress evolution in thin films and an
exact relation has not been found. However, it is known that growth rate, tempera-
ture, microstructure and material type are all important factors that have an effect
on stress evolution in the film as the film is grown. It seems that higher atom mo-
bility, higher growth temperature and lower growth rates lead to more compressive
stress, while the opposite gives more tensile stress (Chason and Guduru, 2016).

Stress evolution during growth seems to follow a few well-understood processes.
First, during the earliest stages of growth, the film is under compressive stress.
In the beginning of film growth, the film isn’t continuous. Instead, the sputtered
species form islands on the substrate. At some point, the islands get firmly attached
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to the substrate, but with a compressed lattice parameter. Other layers then grow
epitaxially on top of the islands, keeping the same lattice parameter (Chason and
Guduru, 2016). When the islands grow enough to form a uniform film, they form
grain boundaries between each other. The grain boundaries reduce the interfacial
energy between the grains, but closing the gap between them causes some tensile
stress. Smaller grains cause a larger tensile stress, since the number of interfaces is
increased (Chason and Guduru, 2016).

Compressive stress after grain boundaries have formed is not well understood, but
is most likely caused by atoms being inserted into the grain boundaries. It is likely
that after growth stops these atoms mostly flow back out of the grain boundaries,
relieving much of the compressive stress.

Changing the size of the grains on the surface can change the stress in the layer
being deposited. Increasing grain size would therefore reduce the tensile stress in-
duced by the grain boundaries. Since there would also be fewer grain boundaries, it
could possibly reduce the compressive stress as well.

The structure of the grains is also important, and it depends on atomic mobility.
According to Thornton (1974), there are three different structures, depending on
the reduced temperature, the ratio of deposition temperature to the melting tem-
perature (Ts/Tm). If the reduced temperature is low, the grain structure will be
columnar, and will not change with thickness, referred to as zone I. For a slightly
higher reduced temperature, the grain size will increase as growth continues, but the
already sputtered film will not change. The grains will therefore be small at the bot-
tom but large at the top, known as zone T. The last one, called zone II, is when the
reduced temperature is high, the grain size in the already sputtered film can change.
The grain size will therefore be evolving throughout the growth of the film and will
affect the stress evolution within the film. Because the film is already attached to
the substrate, the reduction of grain boundaries, and densification because of that,
will actually increase tensile stress in the film for zone II grain evolution. Anders
(2010) updated the Thornton zone model to include ion energy. This adds a fourth
zone, that he calls zone 3, which is fine-grained, nanocrystalline and has a preferred
orientation. The zone is formed at a higher temperature than zone II, and extends
to lower temperatures with increasing ion energy. The energy of ions is important
to add to the zone model for HiPIMS growth, because of the ionization fraction and
the higher ion energy present.

There are other factors that can cause stress in sputtered films. If the substrate is
crystallized, a lattice mismatch between the substrate and the sputtered species will
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cause stress in the sputtered film, according to

σ = Mfε = Mf(as − af)/af (2.2)

where σ is stress, Mf is a material constant of the film, and as and af are the lattice
parameters of the substrate and film, respectively. This can be avoided by using
amorphous substrates, or greatly reduced by having the same lattice constant and
structure on the substrate and the film.

Another cause for stress is a difference in the thermal coefficients of the film and
the substrate. Changes in sample temperature during processing causes different
expansion in the substrate and in the film. The induced stress will therefore be

∆σthermal = Mfε = Mf(αs − αf)∆T (2.3)

where αs and αf are the thermal expansion coefficients of the substrate and the
film, respectively. The stress induced by the difference in the thermal expansion
coefficients can be a dominating factor in the total stress, since high substrate tem-
peratures are often used during growth to get different film properties. Sputter
deposition also heats up the substrate because of exposure to plasma and ion bom-
bardment (Chason and Guduru, 2016).

The last, but probably the most important cause of stress in HiPIMS grown films is
stress induced because of the high energy of ions and the sputtered species as they
bombard the substrate. By changing the energy of the incoming species, it is possi-
ble to change the stress of the film from highly tensile to highly compressive. This
effect has been attributed to atomic peening, which is when the energetic particles
drive the atoms in the film into more dense configurations or create stress inducing
defects. Since HiPIMS has a very high flux of ions and they have a much higher
energy than other sputtering processes (Bohlmark et al., 2006), it can be expected
that HiPIMS grown films will have a higher compressive stress compared to films
grown with dcMS sputtering.

2.5 X-ray measurements

X-rays are a great tool for measuring various characteristics of thin films. X-rays are
electromagnetic waves with subatomic wavelengths that interact mainly with elec-
trons in the material. They scatter from electrons either elastically or inelastically.
In X-ray measurements, these rays are produced by an X-ray source, and often only
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elastic collisions from electron density in the material are measured. Measuring the
elastically scattered X-rays gives patterns that can be correlated to the crystal lat-
tice structure or the atomic order in the material.

The change in the momentum of the scattered X-ray photon, Q, is given by the
difference between the incident wavevector, K0 and the scattered wavevector, K,
Q = K −K0. Since the scattering is elastic, the wavenumber of the wave stays
constant, i.e. |K0| = |K|. The length of the scattering vector can then be described
by |Q| = 4π sin(θ)/λ, where θ is the scattering angle. Using Q, the condition for
constructive interference of the incident wavevectors with the crystal lattice, known
as Bragg’s law, can then be derived as is shown by Birkholz (2006), giving the
relation

nλ = 2dhkl sin(θ)

where n is an integer, λ is the wavelength of the X-rays, dhkl is the distance between
the neighboring atomic planes, with hkl being the Miller indices of the plane and θ
is the angle of incident to the atomic plane.

Figure 2.3: The relation between the angle of the incoming X-ray beam, θ and the
scattering angle, 2θ, as well as the tilt angle ψ.
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2.5.1 X-ray diffraction

The most common X-ray measurement is a 2θ − θ specular scan. The scattering
vector Q is kept normal to the surface of the sample by simultaneously changing
the incidence and diffraction angle, that are called θ and 2θ, respectively, shown in
figure 2.3. This is typically done by having the X-ray tube stationary while moving
the stage and detector simultaneously. The detector has to move twice that of the
sample to keep the scattering vector normal to the surface, hence the name.

Since the incidence angle is large, the X-rays probe deeply into the film but cover
little of its surface area. Therefore, this scan is mostly used for single crystal films
where the film follows the crystal orientation of the substrate. It is often not suitable
for very thin polycrystalline films since the scattering intensity becomes very low.

2.5.2 Grazing Incidence X-ray diffraction

Grazing Incident X-ray diffraction (GIXRD) is a similar method to the X-ray diffrac-
tion explained above, except that the incidence angle is kept at a constant low value,
θi ∈ [0.5◦, 10◦], while the diffraction angle is still constantly changing. It is therefore
also called a 2θ scan. Since the incidence angle is kept constant, the scattering vec-
tor is not normal to the surface, but instead has a varying angle with the normal.
Because of this, different Bragg angles from grains with different Miller indices are
caused by lattice planes that are neither parallel with the substrate surface nor with
each other.

Randomly oriented crystallites will give a similar measurement in the 2θ−θ scan and
the 2θ scan. Because of the low incidence angle, the 2θ scan has a higher intensity
than a 2θ − θ, since now the X-ray beam probes the entire surface of the sample,
instead of probing deep into the substrate as it would do for the 2θ−θ measurement.

Grain size of the film can be calculated from the full width half maximum (FWHM)
of the diffraction peaks using the Scherrer formula. It is difficult to get an exact
size of the grains without taking many factors into consideration, including device
parameters and crystallite shape. However, the error for films measured in the same
way is similar, so it is possible to use the measurements to analyze trends in a series
of films, as has been done here. The X’pert Highscore plus program was used to
obtain the FWHM, peak position and in the end the grain size calculated with the
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Scherrer formula for all films.

2.5.3 X-ray reflection

X-ray reflection (XRR) can be used to measure various properties of thin films with
a thickness that does not exceed 150 nm. The measurement is similar to X-ray
diffraction described above. The incidence and diffraction angle are changed simul-
taneously in the same way as in the X-ray diffraction (XRD) measurement, but with
a much lower angle than before, θi < 5◦. Since the incidence angle is small, X-rays
are reflected off the thin film, and hence the refractive index can be measured. From
the deviation of the refractive index from unity, electron density, thickness of layers
and roughness can be calculated. This was first shown by Parratt (1954) and has
been explained in detail in many books and papers, for example by Pietsch et al.
(2004). From this measurement, density, thickness and roughness can be determined
for the film and all interstitial layers. The parameters can now be accurately cal-
culated by dedicated computer programs, and for this work X’pert Reflectivity was
used to calculate the parameters.

2.5.4 X-ray stress analysis

It is possible to measure residual stress in thin films with an X-ray diffractometer.
If the stress is assumed to be biaxial, an XRD-sin2(ψ) measurement can be made,
where ψ represents a tilt angle of the sample with respect to the scattering plane,
shown in figure 2.3. For the measurement, the position of a peak with specific
Miller indices is measured at different tilt angles to get the change in d-spacing as
a function of the tilt angle. The fundamental equation for an XRD-sin2(ψ) stress
measurement can be written as (Luo and Jones, 2010)

dψ − d0
d0

=
1 + ν

E
· σψ · sin2(ψ)− 2ν

E
· σψ (2.4)

where dψ is the measured d-spacing as a function of ψ, d0 is the d-spacing of the
peak when no stress is present, σψ is the stress as a function of ψ and ν and E are
Poisson ratio and Young’s modulus respectively, both dependent on the material
being measured. The measurement is performed by measuring a specific Bragg
plane at a constant tilt angle ψ. Generally, d0, ν and E are all known constants of
the material, so the equation can be easily rewritten as a linear equation with σψ as
the slope,

dψ =
(1 + ν

E
· d0 · sin2(ψ)− 2ν

E
· d0

)
· σψ + d0 (2.5)
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dψ is measured as a function of ψ and plotted against the terms inside the brackets
in the equation above, giving σψ as the slope of that graph. For this work, the
Young’s modulus used is E = 380 GPa, measured by Török and Perry (1987) and
ν = 0.35 from Perry (1990).

2.6 Previous work on HfN thin films

The group-IVB transition metal nitrides which crystallize in rocksalt structure (δ−TMNx

with TM = Ti, Zr, Hf) are well known as a class of fascinating and technologically
important thin film materials. It is known that the rocksalt structure is retained for
a wide range of stoichiometry (x) from substoichiometric (x < 1) to overstoichiomet-
ric (x > 1). Transition metal nitrides are well known for their remarkable physical
properties which includes high hardness and good mechanical strength, chemical
inertness, and electrical resistivities which vary from metallic to semiconducting.
Hafnium nitride (HfN) is a refractory metal nitride with melting point of 3330 ◦C.
Furthermore, it has a large heat of formation, −88.2 kcal/mol (Wittmer, 1985) and
is expected to have thermal stability superior to that of TiN and TaN. In addition
to the cubic δ−HfN, the hafnium nitride phase diagram has several other stable
phases: Hexagonal α−Hf(N), rhombohedral η−Hf3N2 and rhombohedral ζ−Hf4N3

(Lengauer et al., 1996).

Hafnium nitride films have previously been grown by reactive direct current diode
sputtering (Smith, 1970), radio frequency diode sputtering (Grill and Aron, 1983),
reactive direct current magnetron sputtering (Garbrecht et al., 2016; García-González
et al., 2015; Seo et al., 2004; Shinkai and Sasaki, 1999; Strømme et al., 1995; Yu
et al., 2003; Yuan et al., 2007), reactive radio frequency magnetron sputtering (Go-
toh et al., 2016; Gu et al., 2014; Nowak and Maruno, 1995; Yamamoto et al., 2015;
Yoshimoto et al., 2000), reactive high power impulse magnetron sputtering (Shimizu
et al., 2016), reactive magnetically unbalanced direct current magnetron sputter-
ing (Seo et al., 2005; Stoehr et al., 2006), electron beam physical vapor deposition
(Matsumoto et al., 2003), activated reactive evaporation (ARE) (Nimmagadda and
Bunshah, 1979), pulsed laser deposition (Araujo et al., 2008; Farrell et al., 2010) and
ion beam assisted deposition (IBAD) (Gotoh et al., 2013). Application of HfN thin
films include diffusion barriers (Takeyama et al., 2014; Yoshimoto et al., 2000) and
as a gate electrode (Kang et al., 2005; Yu et al., 2004, 2003) in integrated circuits,
as microelectronic emitters in field emitter arrays (Gotoh et al., 2016), as thermal
barrier coatings (Matsumoto et al., 2003) and as hard coatings on tools (Sproul,
1986).
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3 Experimental apparatus and
method

Here the experimental apparatus and the operating parameters used for the film
growth as well as the X-ray characterization equipment applied to the thin films for
characterization is described.

3.1 Growth chamber

To apply magnetron sputtering to grow thin films, specialized systems have to be
used. In this work, a chamber specifically built for magnetron sputtering was used
to grow all films. The chamber is described in more detail by Arnalds et al. (2007)
and can be seen in figure 3.1.

The system is made up of two sputtering chambers made of stainless steel: a small
load-lock chamber, and a cylindrical sputtering chamber which is 29 cm in diameter
and 25 cm in length. The substrate is loaded using the load-lock onto a stage in the
main chamber, which can be raised or lowered for convenience during loading and
unloading. The stage can also be rotated for growth under an angle. The substrate
holder is electrically isolated from the rest of the chamber, and bias can be applied
to the stage (or the substrate) if needed.

A heating plate is located 2 mm below the substrate. A thermocouple placed be-
tween the substrate and the heater measures the temperature during growth. The
system can safely operate at substrate temperatures of up to 800 ◦C.

Hafnium sputtering is performed by using one of three water cooled sputtering guns.
The sputtering guns are Onyx 3 UHV Circular balanced magnetrons from Angström
Sciences with the serial number ON3UHV1001. The sputtering gun used consists
of a hafnium target, followed by a permanent magnet and are connected to a power
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supply. The hafnium target used in this work was 75 mm (3 inches) in diameter. The
sputtering guns can be operated with direct current magnetron sputtering (dcMS),
radio frequency magnetron sputtering (rfMS), high power impulse magnetron sput-
tering (HiPIMS) or asymmetric bipolar pulsed power. The magnetic field strength
of all sputtering guns can by varied by changing the permanent magnets of the guns.
The strength of the magnet used in this research was measured as 0.53 T measured
in a bench setup outside of the chamber at a distance that corresponds to the surface
of the target.

Figure 3.1: The sputtering chamber described above.

Both the sputtering chamber and the load-lock are evacuated with their own tur-
bomolecular pump backed with a rotary valve pump that maintain a pressure of
10−6 Pa. Argon, O2, N2 and H2 can be fed into the chamber each with separate
mass flow controllers. The Ar and N2 gases used are 99.999 % pure. In front of all
the targets is a shutter that controls the sputtering time and can either be controlled
manually or by a computer.

Film deposition was carried out using both HiPIMS and dcMS. For the HiPIMS
process the power was supplied by a SPIK1000A pulse unit (Melec GmbH) operat-
ing 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) and
the data was recorded with a digital storage oscilloscope (Agilent 54624A).
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3.1.1 Sample preparation

The substrates used for the growth of all the samples were from the same wafer of
[100] monocrystalline Si from Crystec with 1 µm of thermally oxidized SiO2 on top.
The oxide layer of the substrates have a measured density of 2.19 g/cm3 and surface
roughness of 0.35 nm. The substrates were cut into 9 mm× 9 mm squares to fit into
the sample holder. Before growth, all the substrates were cleaned in an ultrasonic
bath with acetone, methanol and isopropanol for 5 minutes each. The substrates
were then rinsed with de-ionized water and blow dried with pure argon. A substrate
was then placed in the vacuum chamber where it was baked for 10 minutes at 650 ◦C
before sputtering began.

3.1.2 Growth parameters

There are many different parameters that can be altered in magnetron sputtering
deposition and the full effects of each parameter are not yet understood. Care was
taken during the fabrication of the films to keep as many parameters as possible
constant and trying to only vary one at a time, in an effort to understand the con-
tributions of the many different control variables in thin film growth.

Some parameters were constant throughout the depositions of the films: The cham-
ber had a back pressure of 1× 10−6 Pa, the same permanent magnet was used for the
growth of all films, having a magnetic field strength of 0.53 T at the target surface
and the Ar flow rate was kept constant at 40 sccm during all sputtering processes.
The growth parameters that are shared between dcMS and HiPIMS were also kept
at the same values when possible. However, not many parameters are shared and
some needed to be kept at different values for stability. Pressure during growth was
kept constant with a gate valve at 1.24 Pa for HiPIMS and 0.74 Pa for dcMS sput-
tering. The values were chosen after consulting other researchers for most stability
during the sputtering of the films. For most of the films the average power was
kept at 150 W to 160 W, except when duty cycle for HiPIMS was changed, which
inevitably changed the average power. We tried keeping the thickness of the film at
60 nm, but because of the variations in the growth rate, the thickness varied from a
minimum of 40 nm to 80 nm.

The difference between HiPIMS and dcMS growth was investigated by varying
growth temperature and N2 flow rate and seeing their effect on the thin film quality.
Growth temperature was varied from room temperature to 600 ◦C, with N2 flow rate
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kept constant at 2 sccm. Afterwards, the N2 flow rate was varied from 1.2 sccm to 6
sccm, while growth temperature was kept constant at 400 ◦C. Lastly, the effects of
duty cycle were investigated for HiPIMS by changing the pulse length and frequency.

3.2 X-ray measurements

Grazing incidence X-ray diffractometry (GIXRD), X-ray reflectometry (XRR) and
X-ray stress analysis (XSA) were performed on a PANalytical X’pert diffractometer,
shown in figure 3.2. The diffractometer has a hybrid monochromator/mirror on the
incident side and a 0.27◦ collimator on the diffracted side. The collimator was re-
moved during GIXRD and X-ray stress analysis to get a better signal to noise ratio
during the measurements. The Cu-Kα line with wavelength 0.154 06 nm was used for
all measurements. A line focus was used so the beam width was approximately 1 mm.

The GIXRD measurements were performed at an incident angle of θi = 0.8◦, mea-
suring 2θ from 30◦ to 75◦ for phase identification and for grain size estimates. The
angular resolution of the GIXRD measurements was 0.03◦. The XRR measurements
measured 2θ from 0.2◦ to 6.2◦ with an angular resolution of 0.004◦. Using X’pert
reflectivity, the density, roughness and thickness of the films were then calculated.

Figure 3.2: The PANalytical X’pert diffractometer used for all X-ray measurements.

For X-ray stress analysis, the [111] reflection of the cubic δ−HfN phase was mea-
sured for all films, since it had the highest intensity of all measured peaks. The
angular resolution was 0.02◦ with a 16 s wait time and the films were measured with
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sin2(ψ) from 0 to 0.75 with an increment of 0.05, yielding 16 measurements for stress
evaluation for each film.
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4 Growth of HfN thin films

Here, the various properties of HfN films grown by HiPIMS are discussed. The
discussion also includes a comparison between the different growth methods, dcMS
and HiPIMS. In section 4.1 the density, growth rate and roughness of grown films
are compared while independently varying growth temperature and N2 flow rate. In
section 4.2 the GIXRD scans of both HiPIMS and dcMS grown films are analyzed
and discussed. Furthermore, we present the grain size calculated using Scherrer’s
formula. In section 4.3 we show the results from stress measurements. We discuss
the effect of poisoning on the current waveform during HiPIMS deposition in sec-
tion 4.4, and the effect on the film parameters of either moving further into poisoned
mode or moving away from the poisoned mode in section 4.5.

4.1 Comparison of temperature and flow rate
series

For the first comparison, the films were all grown at the same average power of
150 W to 160 W, altering either the growth temperature from room temperature to
600 ◦C with the N2 flow rate kept fixed at 2 sccm, or the N2 flow rate from 1.2 sccm
to 6 sccm with the growth temperature fixed at 400 ◦C. The pressure during the
growth of films with HiPIMS was 1.24 Pa and during the growth of films with dcMS
it was 0.74 Pa for all the films. The Ar flow rate was kept constant at 40 sccm in
all cases. The pulse length during HiPIMS growth was 150 µs and the repetition
frequency was 75 Hz.
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Figure 4.1: Comparison of (a) the film density, (b) growth rate and, (c) the surface
roughness for dcMS and HiPIMS grown films as a function of N2 flow rate. The
films were grown at 400◦C with Ar flow of 40 sccm. σHfN is the roughness of the
HfN layer of the films and σt is the total roughness of all layers needed to fit the
films.

Figure 4.1 compares the density, growth rate and surface roughness of the films as a
function of N2 flow rate. The theoretical bulk density of HfN is 13.84 g/cm3(Perry,
2011, p. 194). The density of HiPIMS grown films starts off higher than for the
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dcMS grown films, with a maximum of 13.3 g/cm3, while the dcMS grown films ex-
hibit a maximum density of 13.14 g/cm3. However, the density quickly drops with
increasing N2 flow rate, reaching a minimum for HiPIMS grown films of 10.81 g/cm3

at 6 sccm N2, while dcMS grown films stabilize at 12.1 g/cm3 for flow rates between
3 to 6 sccm. For nitrogen flow rate of 1.2 sccm the ratio of the deposition rates is
DRHiPIMS/DRdcMS = 0.3 and drops to DRHiPIMS/DRdcMS = 0.12 for nitrogen flow
rate of 6 sccm. However, the total roughness σt and the roughness of the HfN layer
σHfN is lower for the HiPIMS grown films, excluding the film grown at 1.2 sccm
N2. For HiPIMS grown films, the roughness of the HfN layer was between 0.3 nm
to 1.2 nm, with the second highest value of only 0.6 nm, while the roughness of the
same layer in dcMS grown films was between 0.8 nm and 3 nm.
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Figure 4.2: Comparison of (a) the film density, (b) growth rate and, (c) the surface
roughness for dcMS and HiPIMS grown films as a function of growth temperature.
The films were grown at an N2 flow rate of 2 sccm with Ar flow of 40 sccm. σHfN

is the roughness of the HfN layer of the films and σt is the total roughness of all
layers needed to fit the films.

In figure 4.2 we compare the same parameters as in figure 4.1, but as a function of
growth temperature instead of nitrogen flow rate. The film density is higher and
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surface roughness is lower at all growth temperatures for HiPIMS grown films, and
the growth rate is always lower. The film density increases with increased growth
temperature, increasing from 11.9 g/cm3 to 13.1 g/cm3 for HiPIMS as the growth
temperature is increased from room temperature to 600 ◦C. For dcMS grown films
the density increases from 10.7 g/cm3 to 12.4 g/cm3 for the same growth tempera-
ture range. The roughness for the HfN layer for HiPIMS grown films ranges from
0.2 nm to 0.83 nm with room temperature and 600 ◦C grown films being significantly
rougher than the films grown at 200 ◦C and 400 ◦C. Meanwhile, the same layer in
dcMS grown films has a roughness of 1.1 nm to 2.6 nm, decreasing with increased
growth temperature. The growth rate for HiPIMS is 13.7 % to 17 % of the dcMS
growth rate.

Johansson et al. (1985) compared the density of grown films with N2 flow rate for
dcMS sputtered HfN films. They found that with increasing N2 flow rate, the density
drops from a maximum of about 13.5 g/cm3 to 11 g/cm3. Their N2 partial pressure
was higher than used for the films grown in this work. The variation in density is
more pronounced in Johansson’s work, with the films going both closer to the bulk
density and getting less dense than those seen in this work. Smith (1970) reports
density values for HfN films grown with dc diode sputtering. He reported the density
of HfN films to be 11.9 g/cm3, lower than of the dcMS films grown here, but higher
than HiPIMS films grown at 3 sccm N2 or higher.

Sproul (1986) showed that the growth rate decreases with increasing partial pres-
sure of the reactive gas during magnetron sputtering. He also mentions that the
growth rate can drop to 1/7 of the original growth rate if the partial pressure of
N2 increases above a certain threshold, caused by the formation of HfN on the sur-
face of the target, or poisoning, as discussed in section 2.3 (Sproul, 1986). This
is possibly the reason for the lower growth rate of HiPIMS seen in this work, as
HfN can form on the surface of the target in-between pulses. Other work has also
demonstrated a large drop in growth rate with increasing N2 partial pressure. This
includes García-González et al. (2015) who mention the growth rate dropping from
2.8 kÅ/s to 0.1 kÅ/s with increasing N2 partial pressure during reactive dcMS, a
much larger change than for either dcMS or HiPIMS observed in this work.

García-González et al. (2015) also discuss the surface roughness of HfN films grown
with dcMS sputtering. The values are significantly larger than the roughness ob-
served for the dcMS films grown in this work. They report values in the range from
3.76 nm to 10.69 nm compared to 0.8 nm to 3 nm in the work presented here. The
films presented by Garcia-Gonzalez are however 330 nm thick while the films in this
current work range from 40 nm to 80 nm. Yu et al. (2004) discusses the roughness of
200 nm thick HfN films grown with reactive dc sputtering. The surface roughness of
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4 Growth of HfN thin films

the films is measured with an atomic force microscope (AFM) to be 1.48 nm. This
is a lower value than obeserved for most of the dcMS grown films in this work but
the HiPIMS grown films have a lower measured roughness of the HfN layer.

4.2 GIXRD measurements and grain size
comparison

The GIXRD measurements of the films compared above are shown here. The
GIXRD scan was used to determine the crystal structure and composition of the
films as well as to calculate the grain size of the [111] and the [200] crystallites from
the diffractions of the HfN thin films. HfN is a transition metal nitride that is known
to exhibit the B1 NaCl structure at room temperature, shown for example by Seo
et al. (2004).

Figure 4.3: Comparison of the GIXRD scans of dcMS and HiPIMS grown films for
various N2 flow rates. The films were grown at 400◦C with Ar flow of 40 sccm.
The scans have been shifted up for better graphical representation.

Figure 4.3 shows the GIXRD scans of both HiPIMS and dcMS grown films for var-
ious N2 flow rates used to both characterize the phase of the films and to calculate
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4.2 GIXRD measurements and grain size comparison

the grain size of both the [111] and the [200] crystallites. All of the films were
characterized as δ−HfN, with the [111], [200], [220] and [311] peaks visible in all
of the films and the [222] is visible in some of the films. The position of the peaks
of the HiPIMS grown films is considerably shifted to lower 2θ values in all of the
films, least in the film grown at 1.2 sccm of N2. However, very little shift is seen
in the peaks of the dcMS grown films, and they follow the expected peak positions
for the cubic δ−HfN rocksalt structure from ICDD Reference Pattern 03-065-4298.
The peak width also changes drastically with increasing flow rate for the HiPIMS
grown films, but seems to decrease in dcMS grown films.

Figure 4.4: Comparison of the GIXRD scans of dcMS and HiPIMS grown films
for various growth temperatures. The films were grown at an N2 flow rate of
2 sccm and Ar flow of 40 sccm. The scans have been shifted up for better graphical
representation.

In figure 4.4, the GIXRD scans as a function of growth temperature are shown.
Unlike for the films shown in figure 4.3, not all of the films exhibit the cubic δ−HfN
phase. The dcMS film grown at 600 ◦C fits the hexagonal HfN0.4 from ICDD Refer-
ence Pattern 00-040-1277 most closely, with a strong [103] peak. Other peaks fitting
the hexagonal HfN0.4 were also observed in the measurement, but with much lower
intensities than the [103] peak. Again, there is a shift in the peaks of the HiPIMS
grown δ−HfN films to lower 2θ values which is not seen in the dcMS grown films.
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4 Growth of HfN thin films

Figure 4.5: Comparison of grain size of the δ−HfN [111] crystallites as a function
of N2 flow rate for films grown by dcMS and HiPIMS at 400◦C.

Grain size from the GIXRD scans shown in figure 4.3 were calculated using the
Scherrer formula. Figure 4.5 shows the results from grain size calculations for the
[111] crystallites of δ−HfN as a function of N2 flow rate. As was mentioned in Sec-
tion 2.5.2, the values given on the graph are not exact, since factors like grain shape
can not be estimated. However, the trends seen on the graph should be meaningful.
As was expected from looking at figure 4.3 and the peak broadening there, the grain
size of the HiPIMS grown films quickly drops with increasing N2 flow rate, from an
estimated value of 100 nm down to 33 nm. Meanwhile, the grain size of dcMS grown
films starts at a minimum of 47 nm for nitrogen flow rate of 1.2 sccm but increases
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4.2 GIXRD measurements and grain size comparison

with increasing flow rate up to a maximum of 147 nm.

Figure 4.6: Comparison of grain size of the δ−HfN [200] crystallites as a function
of N2 flow rate for films grown by dcMS and HiPIMS at 400◦C.

Figure 4.6 shows the grain size of the [200] crystallites in δ−HfN thin films plotted
against N2 flow rate for the same films shown in figure 4.5. The differently oriented
grains follow the same trend, for HiPIMS grown films the grain size drops with
increasing nitrogen flow rate but for dcMS grown films it increases with increasing
nitrogen flow rate. The grains are in general smaller than for the [111] crystallites,
for HiPIMS grown films the grain size decreases from 65 nm to 21 nm while for dcMS
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grown films it increases from 57 nm to 124 nm.

Figure 4.7: Comparison of grain size of the δ−HfN [111] crystallites as a function
of growth temperature for films grown by dcMS and HiPIMS at N2 flow rate of
2 sccm.

Figure 4.7 shows the grain size of the [111] crystallite of the δ−HfN thin film for
both dcMS and HiPIMS grown films as a function of temperature. As was men-
tioned above, the film grown at 600 ◦C with dcMS seems to be HfN0.4, with no
[111] reflection present. No comparison was therefore made with the grain size of
that film since the different structures did not share a peak with the same reflection
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4.2 GIXRD measurements and grain size comparison

strong enough for a comparison. Figure 4.7 shows that the grain size of dcMS grown
films is larger for all growth temperatures that were compared, with the grain size
of dcMS going from a maximum of 175 nm at 200 ◦C to a minimum of 103 nm at
400 ◦C. For HiPIMS grown films the grain size stayed almost constant from room
temperature to 400 ◦C, with the grain size being 65 nm to 70 nm, but at 600 ◦C the
grain size almost doubles, increasing to 119 nm, which exceeds both the maximum
HiPIMS grain size on figure 4.5, and the grain size of dcMS films grown at 400 ◦C
on figure 4.7.

Figure 4.8: Comparison of grain size of the δ−HfN [200] crystallites as a function
of growth temperature for films grown by dcMS and HiPIMS at N2 flow rate of
2 sccm.
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The dependence of the [200] peak on the growth temperature is shown in figure 4.8.
It follows approximately the same trend as is seen for the [111] crystallites in figure
4.7. The grain size of dcMS grown films is larger than that of HiPIMS grown films
for all comparable temperatures, with a maximum of 125 nm for growth tempera-
ture of 200 ◦C and a minimum of 76 nm for growth temperature of 400 ◦C. HiPIMS
growth also shows a minimum of 50 nm for growth temperature of 400 ◦C and then a
maximum of 103 nm for growth temperature of 600 ◦C. The maximum for HiPIMS
grown films here is also higher than the maximum for the flow series shown in figure
4.6.

It is difficult to compare grain sizes since the values obtained often depend on the
measurement settings, the devices used and the grain size is often dependent on the
thickness of the films. However, trends in grain size can be compared to some ex-
tent. García-González et al. (2015) note that grain size did not change significantly
with increasing N2 flow rate. However, they do not explicitly say which peaks are
used for the calculation of the grain size in their work. This does not agree with
the findings in this work, since the grain size of both the [111] and [200] crystallites
change with N2 flow rate.

4.3 Stress measurement comparison

The big shift in the peak locations of the GIXRD measurements in the HiPIMS
grown films has several possible explanations. The most likely one for such a sig-
nificant shift was deemed to be intrinsic stress in the films, since the energetic ions
in HiPIMS can cause atomic peening in the film. Shift in the position of the [111]
peak was therefore measured for all films over different tilt angles.
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4.3 Stress measurement comparison

Figure 4.9: Comparison of the intrinsic stress as a function of N2 flow rate. The
stress was measured with the sin2(ψ) method over the [111] peak.

Figure 4.9 shows the stress in both HiPIMS and dcMS grown films as a function of
N2 flow rate while the argon flow rate was kept constant at 40 sccm. Negative stress
values indicate compressive stress while positive indicate tensile stress. Therefore,
dcMS grown films exhibit tensile stress for all films, except the one grown at 1.2
sccm, where the stress is 1.24 GPa compressive. The dcMS grown films quickly gain
tensile stress with increasing N2 flow rate, with a maximum of 1.8 GPa for N2 flow
of 2 sccm, but then it drops down slowly to 0 GPa at 6 sccm of N2. However, the
HiPIMS grown films have a large compressive stress at all flow rates, increasing from
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4 Growth of HfN thin films

1.9 GPa to 4.4 GPa. The maximum compressive stress for HiPIMS grown films is at
2 sccm of N2, the same value that gave the maximum tensile stress for dcMS. The
difference in intrinsic stress between HiPIMS and dcMS grown films at 2 sccm is
6.2 GPa, showing that there is a big difference between the two growth methods.

Figure 4.10: Comparison of the intrinsic stress as a function of growth temperature.
The stress was measured with the sin2(ψ) method over the [111] crystallite.

A similar result is seen when comparing the intrinsic stress at various growth tem-
peratures, seen in figure 4.10. The dcMS grown films have some tensile stress that in-
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creases with increasing temperature, from 0.95 GPa at room temperature to 1.8 GPa
at 400 ◦C. The sample grown at 600 ◦C was not compared to the others because of
the different structure of the film. Meanwhile, HiPIMS grown films exhibit high
compressive stress. This compressive stress reduces with increasing temperature,
from 5.25 GPa at room temperature to 2.6 GPa at 600 ◦C.

Nowak and Maruno (1995) published their findings on stress in HfN films grown
with reactive radio frequency diode sputtering on Si substrate. According to their
findings, the stress of the grown films was always compressive, and decreased with
increasing total pressure. They also applied bias to the Si substrate, which drasti-
cally increased the intrinsic stress in the films up to a maximum of about 5.5 GPa.
Machunze et al. (2009) shows stress in TiN films grown with HiPIMS, both unbi-
ased and with a bias of −125 V. The stress is compressive in all films and increases
when bias is applied. The increase in intrinsic stress with increased bias can be
compared to the higher compressive stress of HiPIMS grown films compared to
dcMS grown films. The bias increases energy of ions hitting the substrate, similar
to the increased ion energy during HiPIMS, which causes atomic peening in the film.

Since the substrates used in this work are amorphous SiO2, there can be no lat-
tice mismatch because of difference in lattice parameters between the film and the
substrate. The thermally induced stress because of different thermal coefficients
should also not be a factor because of the amorphous substrate. The decrease in
stress with increase in growth temperature is probably caused by higher mobility of
atoms on the film surface during growth, which should reduce stress inducing defects.

4.4 Effect of poisoned/metal mode on pulse shape

The different operation modes in HiPIMS have a significant effect on the shape of
the HiPIMS pulse, because of the changes in the target surface condition and thus
secondary electron emission, sputter yield and therefore the discharge current. To be
able to identify whether the HiPIMS growth process is in poisoned or metal mode,
the change of the pulse shape when the target transitions from metal to poisoned
mode has to be explored. One of the parameters affecting poisoning is the duty
cycle, as discussed in Section 2.3.

The pulse length is kept constant so instead of talking about duty cycle, we talk
about frequency instead. The discharge current pulse shape was recorded, at first
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for Hf in a pure argon discharge, then for Hf with a constant N2 flow rate and fre-
quency while varying voltage values, then for different frequencies at a constant N2

flow rate and voltage, and finally for various flow rates at constant frequency and
voltage.

Figure 4.11: The discharge current waveform during Hf HiPIMS sputtering in an ar-
gon discharge while changing pulse frequency. The discharge pressure was 1.24Pa
and the applied voltage was 550V.

Figure 4.11 shows the effect of changing frequency during growth of Hf with non-
reactive HiPIMS. The voltage was kept constant at 550 V and the pressure was kept
at 1.24 Pa. Only Ar gas is present in the chamber during the sputtering. The dis-
charge current pulses all have the same shape, and the only notable difference while
varying the frequency is that the voltage drops slightly with increasing repetition
frequency. This is likely due to heating of the target because of the increased fre-
quency, and therefore average power, which increases rarefaction close to the target.
Rarefaction of the sputtering gas reduces the current during sputtering like was
mentioned in Section 2.1.
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Figure 4.12: The discharge current waveforms during Hf HiPIMS sputtering while
changing the applied voltage. The discharge pressure was 1.24Pa and the repetition
frequency was 40Hz. Pulses at higher voltage were cut off by the power source
because of the current being too high.

Figure 4.12 shows the HiPIMS discharge current waveform while varying the applied
voltage but keeping the repetition frequency constant at 40 Hz in a non-reactive ar-
gon discharge with a hafnium target. The shape of the pulses for 400 V to 550 V
changes slowly, the pulse starts sooner with increased voltage and rises to higher
current values, but the shape stays approximately the same. However, for applied
voltages over 550 V, the current starts rising much faster. The pulses were shortened
so the system would stabilize for the higher voltages, but the power source also cuts
off when the current rises to about 80 A. As was to be expected, the applied voltage
has a much stronger effect on the pulse shape and current waveform than frequency
does for non-reactive sputtering.
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4 Growth of HfN thin films

Figure 4.13: The discharge current waveforms during reactive HiPIMS of hafnium
in an Ar/N2 mixture of 40 sccm/2 sccm while changing pulse frequency. The dis-
charge pressure was 1.24Pa and the applied voltage was 550V.

Figure 4.13 shows the effect of changing the pulse repetition frequency during reac-
tive HiPIMS sputtering of a hafnium target in an Ar/N2 mixture. Applied voltage,
flow rate of N2 and total pressure were kept constant at 550 V, 2 sccm and 1.24 Pa,
respectively. The discharge current increases rapidly with decreasing repetition fre-
quency. Having fewer pulses gives HfN more time to form on the target, which
increases poisoning of the target. Frequencies under 12 Hz had current values above
the maximum allowed value of the power source, which then cut off the pulse and
made the process very unstable. Both the shape of the pulses and the maximum
current levels can later be compared to pulses recorded during growth to try to
estimate the poisoning of the target during sputtering.

The discharge current waveforms of HiPIMS pulses have been investigated in an
attempt to understand the HiPIMS process better and to stabilize the sputtering
process. Magnus et al. explored the discharge current waveforms for reactive HiP-
IMS sputtering with a titanium target in Ar/O2 (Magnus et al., 2012) and Ar/N2

(Magnus et al., 2011). For pure (non-reactive) titanium sputtering, the current dis-
charge waveforms as a function of applied voltage and frequency behave similarly
to the current discharge waveforms seen above in figures 4.11 and 4.12. For tita-
nium target in Ar/N2 mixture the current increases when the pulse frequency is
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lowered and the pulse shape is maintained. However, this is not the case for reactive
sputtering of titanium with O2. The discharge current waveform drops slightly as
a function of pulse repetition frequency, until some threshold seems to be reached,
where it begins to rise almost linearly until the pulse is cut off, and the current
waveform appears triangular (Magnus et al., 2012).

Gudmundsson et al. (2016) have developed an ionization region model of reactive
sputtering of a Ti target with O2. They found that during metal mode, Ti+ and Ar+

ions have an equal contribution to the current, but in poisoned mode the current is
dominated by Ar+ ions, caused by recycling of the working gas. They also conclude
that the triangular shape of the discharge current is caused by the recycling of the
working gas. Furthermore, it has been demonstrated recently that to maintain these
high discharge currents a recycling of either the process gas or the sputtered material
is needed (Brenning et al., 2017). However, the current waveform in this work is not
triangular. Therefore, reactive sputtering of hafnium using N2 likely follows some
different process. The current waveform seen in figure 4.13 could be dictated by self-
sputter recycling or a combination of self-sputter recycling and process gas recycling.

Figure 4.14: The discharge current waveforms during reactive HiPIMS of hafnium in
an Ar/N2 mixture of 40 sccm/2 sccm while changing applied voltage. The discharge
pressure was 1.24Pa and the pulse repetition frequency was 40Hz. The highest
voltage pulses were limited by the power source because of the high current obtained.
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Figure 4.14 shows the effect of the applied voltage on the pulse shape during reactive
HiPIMS sputtering of a hafnium target in an Ar/N2 mixture. The flow rate of N2

was 2 sccm. The poisoning of the target might increase with decreasing voltage, but
no real change of the waveform can be seen with decreasing voltage, except that the
current onset occurs later with decreasing voltage. The pulses follow the same trend
here as it did for the non-reactive case shown in figure 4.12, except that the current
rises faster and a lower applied voltage is therefore needed for the power source to
cut off the too high current.

Figure 4.15: Discharge current waveforms during reactive HiPIMS of hafnium in
an Ar/N2 mixture while changing the N2 flow rate. The pressure was 1.24Pa, the
applied voltage was 500V, and the pulse length was 400µs.

Figure 4.15 shows the effect on the HiPIMS pulse from changing flow rate of N2,
while keeping the voltage constant at 500 V and the repetition frequency at 40 Hz.
With increasing flow rate, the formation of HfN on the surface of the target in-
creases. Like seen in figure 4.13, the increase of HfN formation on the target surface
greatly increases the discharge current. The sputtering at 8 sccm N2 became unsta-
ble, which is the reason for the strange pulse shape.
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Figure 4.16: Discharge current waveforms during growth of HfN films with different
flow rates. The pressure was 1.24Pa, the discharge voltage varied from 500 to
550V to keep the average power constant at 160W. The pulse repetition frequency
was 75Hz and the pulse length was 150µs.

Figures 4.11 to 4.15 can be used to estimate how poisoned the target was during
sputtering of the HiPIMS grown films compared in the previous sections. Poisoning
can be either beneficial or detrimental to the growth of thin films, depending on
the material in question. In figure 4.16 the discharge current waveforms are shown
as a function of flow rate. Though the pulses are shorter than the ones above, the
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shape and maximum current can still be compared. As was to be expected, the
current increases greatly with increasing N2 flow rate, while the current waveform
maintains its shape, which indicates an increase in poisoning of the target. The film
density and growth rate also went down quickly with increasing flow rate. Normally,
increasing current would increase growth rate, but since that does not happen, it
seems that formation of HfN on the target surface reduces the sputter yield. This
indicates that some kind of recycling is taking place, either working gas recycling or
self-sputter recycling or a combination of both.
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Figure 4.17: Discharge current waveforms during growth of HfN films with different
growth temperatures while the discharge pressure was fixed at 1.24Pa, the N2 flow
rate was fixed at 2 sccm and the discharge voltage was kept constant at 510V. The
pulse repetition frequency was 75Hz and the pulse length was 150µs.

Figure 4.17 shows the discharge current waveforms during HiPIMS growth of HfN
films as a function of growth temperature. Poisoning should not change significantly
with increased substrate temperature, which is confirmed by looking at the current
pulses. They all have the same shape and similar maximum current values. Dif-
ferences in film quality and characteristics while varying growth temperature can
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therefore not be related to the level of poisoning on the target.

Using the discharge current waveform as an indicator of the process conditions,
Shimizu et al. (2016) kept reactive sputtering of hafnium in Ar/N2 discharge in the
transition zone by changing the frequency to keep the discharge current constant.
They did this for a range of N2 flow rates and found that the films have a nearly
constant power deposition rate, a polycrystalline cubic structure and maintain sto-
chiometric composition.

4.5 Effect of poisoned/metal mode on film growth

To see the effect of poisoning on film properties, we now compare films grown under
different duty cycles. Films discussed earlier were grown at a repetition frequency of
75 Hz, pulse length of 150 µs and a duty cycle of 1.125 %. New samples were grown
at a flow rate of 2 sccm, growth temperature of 400 ◦C with a repetition frequency of
12 Hz and 70 Hz and a pulse length of 400 µs, which gives a duty cycle of 0.48 % and
2.8 %, respectively. To see the effect of a higher duty cycle, a growth temperature
series was also grown at 2 sccm N2 with a duty cycle of 2.8 %. Lastly, two more
films were grown at 4 sccm N2 at a growth temperature of 400 ◦C, pulse length of
400 µs and a frequency of 70 Hz and 140 Hz, which gives a duty cycle of 2.8 % and
5.6 %, respectively. As was shown in Section 4.4, lower duty cycle means that the
target is more poisoned. Since a duty cycle of 0.48 % was the lowest duty cycle that
was still stable, the target was then the most poisoned. Higher duty cycle means
that the target is closer to metal mode.

48



4.5 Effect of poisoned/metal mode on film growth

Figure 4.18: Comparison of (a) film density, (b) thickness per kJ and (c) surface
roughness for dcMS and HiPIMS grown films as a function of temperature, now
with films grown at higher duty cycle. σHfN is the roughness of the HfN layer of
the films and σt is the total roughness of all layers needed to fit the films and τ is
the duty cycle.
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Figure 4.18 shows the difference between HiPIMS grown films with high and low
duty cycle and dcMS grown films as a function of growth temperature. The growth
rate had to be normalized with respect to average power, since the average power is
not the same for all grown films. The thickness for every kilojoule of energy that is
put in is therefore compared now instead of thickness as a function of time. The films
grown with higher duty cycle had a much higher density than both the dcMS grown
films and the HiPIMS grown films with a lower duty cycle. The density also remained
almost constant as a function of growth temperature, with the room temperature
grown film having the lowest density of 13.2 g/cm3 and the highest being at 200 ◦C
with a density of 13.3 g/cm3. As was mentioned above, the maximum density for
HiPIMS grown films with lower duty cycle was 13.1 g/cm3 at 600 ◦C and 12.4 g/cm3

for dcMS at 400 ◦C. Growth rate for every joule also greatly increased when duty
cycle was increased. Before, the growth rate of HiPIMS was 13.7 % to 17 % of the
dcMS growth rate, but after increasing duty cycle, it is 23.7 % to 29.6 %, almost
doubling the normalized growth rate by increasing the duty cycle. Increasing the
duty cycle has very little effect on the surface roughness, with the HfN layer having
a roughness in the range from 0.5 nm to 0.75 nm for higher duty cycle while the same
layer for lower duty cycle is 0.2 nm to 0.83 nm. Like before, the HiPIMS grown films
have a much lower roughness, at all growth temperatures, than dcMS grown films.
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Figure 4.19: The (a) film density, (b) normalized growth rate, and (c) roughness for
different N2 flow rates as a function of duty cycle for HiPIMS grown films. σHfN

is the roughness of the HfN layer of the films and σt is the total roughness of all
layers needed to fit the films. The pressure was 1.24Pa.

Figure 4.19 shows the effect of changing duty cycle on the film density, thickness

51



4 Growth of HfN thin films

per kJ and surface roughness while keeping temperature and N2 flow rate constant.
Films grown at both 2 sccm and 4 sccm N2 are compared. Density and normalized
growth rate are greatly improved by increasing the duty cycle, with the density ap-
proaching the bulk density of HfN of 13.8 g/cm3. The growth rate seems to increase
linearly, and by increasing the duty cycle by a factor of six for films grown at 2
sccm N2, the normalized growth rate increased by 250 %. Meanwhile, the growth
rate at 4 sccm N2 tripled when the duty cycle was increased by a factor of 5. The
roughness does not change significantly with increasing duty cycle, with the changes
being within 0.3 nm for the HfN layer at both flow rates.
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Figure 4.20: The grain size of the [111] crystallites in HiPIMS grown films as a
function of duty cycle for two different flow rates. The pressure was 1.24Pa.

Figure 4.20 compares the grain size of the [111] crystallites for HiPIMS grown films
as a function of duty cycle. The grain size for films grown under N2 flow rate of 2
sccm reaches a maximum at 1.1 % duty cycle before dropping slightly at a higher
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duty cycle. However, at 4 sccm N2, the grain size increases almost linearly with
increasing duty cycle, from 41 nm to 115 nm.

Figure 4.21: The grain size of the [200] crystallites in HiPIMS grown films as a
function of duty cycle at two different N2 flow rates. The pressure was 1.24Pa.

Figure 4.21 shows the effect of changing the duty cycle on the grain size of the [200]
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crystallites of HiPIMS grown films. Like in figure 4.20, the grain size for films grown
at 4 sccm N2 seem to increase almost linearly with increasing duty cycle, from 34 nm
to 85 nm. However, the 2 sccm N2 films behave differently, with the largest grain
size being 93 nm at 0.48 %, while the lowest is now 50 nm at 1.1 %. Overall, the size
of the [200] crystallites is smaller than the size of the [111] crystallites.

Figure 4.22: Film intrinsic stress as a function of duty cycle for HiPIMS grown
films at two different N2 flow rates. The pressure was 1.24Pa.

55



4 Growth of HfN thin films

Figure 4.22 shows the intrinsic stress measured in the HiPIMS grown films as a
function of duty cycle. The stress in all of the films is compressive, and it increases
significantly with increasing duty cycle for both N2 flow rates measured. At 2 sccm
N2, the intrinsic stress increases from 3.3 GPa to 5.2 GPa, while for 4 sccm N2 it
increases from 2.6 GPa to 5 GPa. The stress matches the greatest stress measured
in the films before, which was 5.25 GPa at room temperature and at an N2 flow rate
of 2 sccm.

Comparing the films grown with higher duty cycle to other works, the film density
is greater than that reported by Smith (1970) for all flow rates for films grown by
reactive rf diode sputtering. For high duty cycles the density for high flow rates
is also higher than that reported by Johansson et al. (1985) grown by reactive dc
magnetron sputtering. The growth rate also increases significantly, almost doubling
for every kJ put in when the duty cycle was increased. The surface roughness of the
HiPIMS grown films with higher duty cycle is still lower than the roughness of the
films grown by García-González et al. (2015) and lower than the roughness reported
by Yu et al. (2004).

The stress in the HiPIMS grown films is seen to become even more compressive as
duty cycle is increased. The increasing compressive stress can not be caused by a
lack of atom mobility that can be seen for the room temperature grown film shown
in figure 4.10. It is more likely that the cause is increased ion bombardment because
of the more frequent and longer pulses of the films grown with higher duty cycle.
This is similar to the effect seen by Nowak and Maruno (1995) and by Machunze
et al. (2009) where increased bias greatly increased the compressive stress in the film.
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5 Conclusions

Here the growth of hafnium nitride thin films using both dcMS and HiPIMS has been
demonstrated. First growth temperature was varied while keeping other variables
constant, then nitrogen flow rate was varied while other variables were kept constant.
Lastly, duty cycle of the HiPIMS growth was increased, and growth temperature
was again varied while other variables were kept constant. The HiPIMS grown
films generally have a smoother surface than dcMS grown films, and the growth
rate is always much lower for HiPIMS deposition than it is for dcMS. The density of
HiPIMS grown films at low duty cycle is similar to dcMS grown films at low nitrogen
flow rates, but decreases as the flow rate increases. However, when the duty cycle
is increased, the density approaches the bulk density of HfN films for low nitrogen
flow rate and is considerably higher than for both dcMS and HiPIMS grown films
at higher flow rates. The growth rate also almost doubles when high duty cycle is
compared to low duty cycle as a function of average power. This is thought to be
related to the target being less poisoned during sputtering at higher duty cycles,
which is shown to have an effect on both sputtered films and sputtering rate.
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