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Abstract

Abstract

The microstructural development of reactively sputtered tantalum nitride thin films is in-

vestigated as a function of the N2-to-total pressure ratio (pN2/pT ) and the operating mode

of the metallic tantalum cathode by high power impulse magnetron sputtering (HiPIMS),

pulsed direct current (DC) and DC sputtering.

For all sputtering modes investigated, the phase evolution of the Ta-N films strongly depends

on the nitrogen partial pressure, pN2, used when keeping the total pressure, pT , constant at

0.3 or 0.6 Pa. The major crystalline phases identified, with increasing the N2-to-total pressure

ratio, are α- and β-Ta, orthorhombic o-Ta4N, hexagonal close packed (hcp γ-Ta2N, cubic

δ-TaN, and hcp ε-TaN, respectively. The minimum pN2/pT -ratio needed for the formation

of the individual nitride phases, decreases from DC to HiPIMS. For example, when using

a pN2/pT -ratio of 13.4%, the nitrogen content within the HiPIMS film is ≈ 38.5 at.%, but

only ≈ 26.5 at.% within the pulsed DC and DC sputtered films. Therefore, the HiPIMS

film is mainly composed of γ-Ta2N (with traces of ε-TaN) whereas the pulsed DC and DC

sputtered films also contain o-Ta4N next to γ-Ta2N. These coatings—with a majority of γ-

TaN—exhibit the highest hardness values with 38.2± 4.6, 38± 2.3, and 40± 3.8 GPa among

all samples studied, respectively. Further increasing pN2/pT leads to the formation of δ-

and ε-TaN, which are the dominating phases for pN2/pT -values above 38.1%. For higher

N2-to-total pressure ratios, the phase fraction of ε-TaN increases on the expanse of δ-TaN

and a significant reduction in hardness, even down to ≈ 20 GPa, is observed.

Based on our results we can conclude that the highest hardness is obtained for γ-Ta2N

dominated films. Consequently, with respect to mechanical properties, the most important

pN2/pT range is between 13.4 and 38.1%, where the films undergo a transformation from

γ-Ta2N (plus o-Ta4N) to δ- and ε-TaN. Generally, this phase transformation is shifted to

lower pN2/pT -values when using HiPIMS instead of pulsed DC or DC sputtering.
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Abstract

Kurzfassung

Der mikrostrukturelle Schichtaufbau von reaktive abgeschiedenen Tantal-Nitrid Schichten

ist in Abhängigkeit von Stickstoffpartialdruck und Betriebsart der metallischen Tantalkath-

ode mit high power impulse magnetron sputtering (HiPIMS), gepulstem Gleichstrom oder

Gleichtrom sputtern (pulsed DC, DC) untersucht worden.

Die Phasenentwicklung von Ta-N Dünnschichten wurde abhängig von den verwendeten Stick-

stoffpartialdrücken, pN2, bei konstantem Gesamtdruck, pT , von 0.3 or 0.6 Pa, für alle Ab-

scheidungstechniken untersucht. Die wesentlichsten kristallinen Phasen, die identifiziert wer-

den konnten, sind α- und β-Ta, orthorhomisches o-Ta4N, hcp γ-Ta2N, sowie kubisches δ- und

hcp ε-TaN. Das minimale Verhältnis von Stickstoff- zu Gesamtdruck, pN2/pT , welches für

die Bildung der jeweiligen Nitridphase notwendig ist, nimmt von DC Sputtern zu HiPIMS

ab. Dies beruht hauptsächlich auf der wesentlich höheren Teilchen-Reaktivität beim HiP-

IMS Prozess. Bei einem Stickstoffpartialdruck von 13.4% des Gesamtdrucks, weisen HiPIMS

Schichten einen Stickstoffgehalt von ≈ 38.5 at.% auf, wohingegen Schichten, die mit pulsed

DC oder DC Sputtern hergestellt wurden, nur ≈ 26.5 at.% N enthalten. Deshalb besteht der

überwiegende—Anteil von HiPIMS Dünnschichten aus γ-Ta2N (mit Anteilen von ε-TaN),

wobei gepulst DC und DC gesputterte Schichten neben γ-Ta2N auch noch Ta-reiches, or-

thorhombisches o-Ta4N enthalten. Diese Schichten, mit derartiger Phasenzusammensetzung,

weisen die höchsten Härtewerte von allen untersuchten Proben auf (38.2± 4.6, 38± 2.3, und

40±3.8 GPa). Ein weiterer Anstieg des Stickstoffpartialdrucks führt zur Bildung der Phasen

δ- und ε-TaN, welche im Allgemeinen für pN2/pT -Werte über 38.1% dominieren. Bei noch

höheren Verhältnis von Stickstoff- zu Gesamtdruck nimmt der Phasenanteil von ε-TaN auf

Kosten der δ-Phase zu, dadurch wird auch eine signifikante Abnahme der Härte bis zu

≈ 20 GPa beobachtet.

Zusammenfassend können wir aufgrund unserer Untersuchungsergebnisse festhalten, dass

γ-Ta2N dominierte Hartstoffschichten die höchsten Härte- und E-Modul-Werte aufweisen.

Folglich ist in Bezug auf mechanische Eigenschaften der pN2/pT Bereich zwischen 13.4 und

38.1% von groer Bedeutung, da hier die Phasenumwandlung von γ-Ta2N (sowie o-Ta4N) zu

δ- und ε-TaN stattfindet. Bei HiPIMS wird diese Phasenumwandlung bereits bei geringeren

pN2/pT -Werten erhalten als bei gepulst DC oder DC gesputterten Schichten.
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Chapter 1

Introduction

Materials science and engineering have become strongly connected to each other, both aiming

for enhanced performance and durability of technical components and tools. High hardness,

good wear and corrosion resistance, and high thermal stability are essential properties of

cutting inserts or forming tools. Bulk materials are quite often not capable meeting these

requirements, which gives rise to the application of surface modification treatments. One of

the most prominent methods is the deposition of a thin functional coating by physical vapor

deposition (PVD). Nitride-based materials, such as transition metal nitrides, have proven to

be extremely efficient for forming, cutting, or milling applications [1–6].

Reactive sputter deposition (RSD), and High Power Impulse Magnetron Sputtering (HiP-

IMS) are among the most important and manifold PVD technologies available. Alloying

concepts and the improvement of deposition techniques are within the focus of current re-

search, as both of them allow for modifications of the coatings microstructure, synonymously

for fine-tuning of properties and performance during application [5–8].

Tantalum nitride thin films are well established in the microelectronic industry. For exam-

ple, they are used as thin film resistors and diffusion barriers [9–14]. Recent studies also

attribute excellent mechanical properties to tantalum nitride coatings [9, 12, 14–17]. How-

ever, the tantalum-nitride system for PVD processed coatings is quite complex and features a

large number of different crystallographic phases, as for instance α-Ta(N), hexagonal-close-

packed (hcp) γ-Ta2N (ε-Fe2N-prototype), hcp ε-TaN, body-centered cubic (bcc) β-Ta(N),

hexagonal (hex) Ta2N, hex θ-TaN (WC-prototype), cubic B1 δ-TaN (NaCl-prototype), hex

Ta5N6 (Nb5N6-type), tetragonal Ta4N5, and orthorhombic Ta3N5 [9, 12, 14, 15, 18–21]. Con-

sequently, a large number of different properties are to be expected. In turn, experimentalists

have to carefully adjust deposition conditions in order to grow Ta-N films with the desired

microstructure and properties.

For this reason, the present work is focused on the comparison of three different PVD tech-
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1. Introduction

nologies, HiPIMS, pulsed DC and direct current (DC) sputtering. This paper investigates

and discusses the microstructure and resulting mechanical properties of Ta-N thin films as

a function of the nitrogen partial pressure (ranging from 0 to 100%), and the deposition

technology.
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Chapter 2

Deposition techniques

2.1 Physical vapor deposition

Physical vapor deposition is nowadays an important and widely used method to improve

the surface properties of technical components and tools [22, 23]. The main advantage over

other industrially utilized deposition techniques, as for instance chemical vapor deposition

(CVD), is the large number of accessible target materials and the possibility to grow films

at significantly reduced deposition temperatures without the necessity of precursors and

chemical reactions to transfer the target material into gaseous state. Furthermore, the

substrate material may significantly suffer from typical CVD process temperatures, which is

in the range of 800 to 1200 C [6, 23].

PVD can be described by three main processes: [5]:

• evaporation of the solid target material by physical means exclusively

• transfer of the vaporized target material to the substrate

• condensation of the vapor phase, nucleation, and film growth

A general classification of PVD methods includes three basic sub-technologies: sputter depo-

sition, evaporation, and ion plating as illustrated in Fig. 2.1. Sputter deposition is based on

momentum transfer of ionized particles which arise from a plasma discharge. Evaporation

is achieved by thermal energy input, whereas ion plating can be seen as a combination of

sputtering and evaporation. [24]. Methods used in this work are highlighted.
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2.2 Plasma discharge

Figure 2.1: Classification of PVD [24].

2.2 Plasma discharge

The fundamental process of sputter deposition is the evaporation of a solid target material

by momentum transfer of impinged charged particles. These particles are generated from an

inert working gas, typically Argon. When an electron and an Ar atom with sufficient high

kinetic energy collide, the Ar atom will be ionized with the result of an excited electron,

according to equation 2.1.

e− + Ar = Ar+ + 2e− (2.1)

Consequently, each collision represents a source for further electrons. This cascade-like

process continuously increases the number of involved particles. However, in this dynamic

process electrons and Ar ions may also recombine. In this arrangement of sputter deposition

the target is defined as cathode and the substrate as anode. Due to the potential difference

between cathode and anode, the positive charged ions are accelerated towards the target

surface. Impinging ions kick out metal atoms which then leave the target surface under a

certain angular distribution. The probability of further collisions with Ar+ ions and electrons

is given. However, most of the ejected particles will pass the target near area of high plasma

density and migrate to the chamber walls and substrate that is located opposite of the target

area, where film growth occurs.

The essential component of every sputter process is the plasma. It is typically referred

to as quasi-neutral state of matter with collective behavior. The term quasi-neutral state

indicates that all load carriers cancel out when observing this process from outside [25].

Collective behavior can be understood as the response of plasma species not only to local

forces (i.e. at the very vicinity of particles), but also on non-local forces [26]. Plasma

consists of negative charge carriers (i.e. electrons), ions, and atoms or clusters of atoms. A
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2.2 Plasma discharge

stable plasma is usually separated in different areas which exhibit fundamentally different

properties and characteristics. The quantity of electrons and ions inside the bulk plasma is

in equilibrium, Fig. 2.2b. Electrons, which have a higher mobility than ions, consequentially

also have a higher probability to leave the bulk plasma via the chamber walls. Therefore, the

ratio of electrons and ions deviates from the ideal balanced with decreasing distance to the

chamber walls. The same applies for all other objects which are in contact with the plasma,

e.g. grounded electrodes. At the very beginning, both ions and electrons decrease equally.

This region is called pre-sheath. In the adjacent area the number of electrons then rapidly

decreases. In order to establish a stable plasma, the pre-sheath and sheath have to be small

in relation to the bulk plasma. The sheath expansion strongly correlates with the plasma

properties and is usually a few Debye lengths (scale, in which the electrostatic charge carrier

effects appear), λD, large (see Fig. 2.2a). Depending on the current density passing across

the sheath, a sheath potential develops, which acts as a barrier to electrons. The positively

charged sheath space is also referred to as ion sheath. This ion sheath is self-adjusting,

thereby the electron flux towards the wall is equal to the electron flux supplied by an external

circuit. In case of an electrically isolated wall the situation is slightly different. The electron

flux is reduced until an equilibrium with the ion flux is present. The potential—in respect

to the plasma potential—is referred to as floating potential, Vf . Typical values are in the

range of 5-50 V. The plasma sheath potential, Vs, obeys to the Child-Langmuir law, whereas

the pre-sheath plasma potential, Vps, is related to the presheath and can be represented by

a Boltzmann distribution. This is illustrated in Fig. 2.2a [5].

Figure 2.2: Plasma sheath: a) potential versus distance, b) particle density versus dis-
tance [5].

A representative sputter arrangement is represented in Fig. 2.3a. Two electrodes are op-

positely located in a vacuum chamber. The plasma is ignited by the application of a high

voltage difference between a cathode (source material) and an anode (chamber walls, sub-
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2.2 Plasma discharge

strate). In order to ignite a plasma, the working gas (in this case Ar) is injected into the

chamber. Three different zones of plasma discharges can be distinguished, which feature

different current-voltage characteristics (Fig. 2.4), and mainly depend on the geometry of

the electrodes and chamber, the cathode material as well as the (reactive and working) gas

conditions used.

Figure 2.3: a) basics of sputter deposition, adapted after Martin [27], b) structure of a glow
discharge [5].

The very beginning (if no voltage is applied) represents the dark discharge area, in which only

a small fraction of load carries is available arising from background ionization (A in Fig. 2.4).

By applying a voltage the amount of ions is increased, hence a current increase is detectable

until the system reaches a steady-state (B in Fig. 2.4). The current remains constant,

whereas all ions are attracted to the electrodes. If a sufficiently high voltage is present, the

current saturates. With a further voltage increase electrons, located in the large anode area,

gain enough energy (point C) to trigger a chain reaction of impact ionization with ambient

working gas atoms. At this stage, all generated ions and electrons arrive at the electrodes.

Characteristic for this townsend discharge region is a rapid current increase. A self-preserving

plasma is established. At the breakdown voltage (point E in Fig. 2.4), the current steadily

increases, whereas the voltage is self regulated to a certain value by the electrical field of the

internal resistance of the power supply. As a consequence of the increasing power the plasma,

hence ion bombardment, extends over the entire cathode surface. This stage is called glow

discharge, depicted in Fig. 2.3b, and visible with the naked eye. For the sputter technique

used, the dark layers (established Aston dark space, cathode glow, and cathode dark space)

8



2.3 Sputtering

Figure 2.4: Schematic plasma voltage-currant characteristic [28], originally from [5].

and negative glow area, closed to the cathode, are relevant. The increasing discharge current

also results in an increasing discharge voltage. This leads to the plasma discharge over the

entire surface, predominantly near the edges and at cathode surface irregularities. The

abnormal glow discharge area defines the operation range for sputtering, see point G in

Fig. 2.4. By further increasing the current a transition point from glow to arc discharged is

reached. The arc discharge zone is depending on the internal resistance of the power supply

and is affected from thermionic emission of electrons at higher currents [5, 24, 29].

2.3 Sputtering

In sputter deposition the produced ions are attracted to the negatively charged target, eject

solid source material atoms, and initiate an impact evaporation and partial ionization of

the cathode material. These metal atoms and ions (ionization typically >1 % [30]) are

transferred and accelerated towards the substrate, where they condense and form the film.

Secondary electrons, which are also ejected from the target surface (due to ion bombardment

from the target) contribute to further working gas ionization acting as primary electrons in

the plasma [5, 27, 31].

An essential parameter describing the coating efficiency is the sputter yield, Y, which is

defined as the ratio between the ejected atoms from the target and the incident ions on the

substrate. The sputter yield is influenced by the energy of the incident ions, the masses of
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2.3 Sputtering

ions and target atoms, the binding energy of atoms in solid state, and the angle of incidence

of ions. Moreover, the chamber pressure, the substrate temperature, the target geometry, the

distance between target and substrate, and the type of power supply substantially influence

the glow discharge of conventional sputter systems [5, 24].

In order to form nitride or oxide coatings an additional gas component is necessary. Reactive

processes are typically carried out in an Ar + N2 or Ar + O2 atmosphere. It is noteworthy

that the coating properties are strongly dependent on the reactive gas partial pressure, and

also strongly affected by chemical interactions of the introduced gas with the target material,

which will be addressed later [5, 27]. At a lower chamber pressure, only few Ar ions hit the

target, which yields in a decrease of the deposition rate. Therefore, the ionization efficiency

is reduced. The other extreme is a higher chamber pressure which leads to a large number

of collisions before they reach the substrate.

A certain problematic in reactive processes is the reaction of the cathode material with the

introduced reactive gas. The time-dependent poisoning of the target has various effects on

the process and film growth. When the reactive gas partial pressure is sufficiently high, a

compound layer (e.g. TiN a Ti-cathode in a N2 process) will form on the cathode surface.

This layer usually exhibits a higher melting point than the solid cathode material. As a

result, it prevents from droplet formation (molten macro-particles of the bulk material) on

the arc spot and also reduces the number and size of sputtered atoms. The target state (i.e.

metallic or poisoning) can be well identified by the voltage characteristic curve during the

process. Typically, a hysteresis is observable when target poisoning occurs. At a certain

nitrogen pressure (i.e. if, in time-average, there is a sufficiently high number of N ad-atoms

on the surface), e.g. TiN is formed. The continuous coverage of the target surface results in

a slowly increasing voltage, up to a saturation level. If the partial pressure of the reactive

gas is now reduced, the voltage will not linearly decrease, as it takes time for the compound

layer to be removed by particle bombardment. Summarizing, the adjusted gas flow rate,

hence partial pressure of the reactive gas, can induce target poisoning. This, in further

consequence, strongly affects the evaporation behavior [24, 32–34].

As has been mentioned before, the plasma consists of charged particles. Hence, it reacts upon

the presence of magnetic fields. This fact is used to improve the deposition efficiency as well

as growth kinetics. A magnetron, which is basically defined as a hot cathode (i.e. an electrode

which is heated to emit electrons) centered in a vacuum tube, affects the electron movement,

ideally resulting in an enhanced local ionization particle density caused by magnetic fields

lines of the magnetron also results in a larger number of collisions of gas species. Benefits are

a higher ion bombardment and an increasing sputter yield even with reduced gas pressure.

Consequentially, each deposition system has its ideal chamber pressure and geometry at

which deposition, under given process conditions, is most efficient. In general, one can

10



2.3 Sputtering

distinguish between two types of magnetrons: conventional balanced magnetrons (CBM)

and unbalanced magnetrons (UBM). In a CBM all magnetic field lines reach from the outer

to the inner magnetron section, meaning they are closed. On the contrary, in an UBM system

not all field lines are closed, some may be directed towards the substrate, see Fig. 2.5.

Figure 2.5: Unbalanced magnetron sputtering [28].

This arrangement allows the plasma to extend towards the substrate, also leading to Ar ion

generation close to the substrate. A slightly negative substrate bias can then be used to

attract these particles and affect growth kinetics, hence film properties. Additionally, the

substrates may be heated to further improve diffusion. All those factors can be used to

modify film growth, crystal structure, stress formation, film density, hence mechanical and

thermal properties as explained in Chapter 2.4 [5, 27, 31].

2.3.1 DC sputtering

A direct current (DC) power supply is the easiest and rather cost-effective technology to

deposit coatings. Thereby a constant direct current voltage of several hundred volts is ap-

plied between the negatively charged target (-) and the positively loaded chamber wall and

substrate (+). However, due to possible charging of non-conductive components (e.g. tar-

get material) is limited to conductive materials. Thus, when using non conducting solid

materials, the cathode and the substrates may build up a charged surface acting as a bar-
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2.3 Sputtering

rier for arriving ions. As a consequence of the rejected particles the sputter process will be

interfered and the sputter yield decreases, at worst it could lead to a process interruption.

Another major issue of DC sputtering with non-conductive materials is the possibility of

arcing. Arcing is identified as a low voltage and high current discharge. This can be coun-

teracted with arc suppression units. Disadvantages in the formation of non-conducive layers

with DC sputtering are elevated temperatures, which can damage the target by melting, and

also the generation of droplets, which affect the thin film structure [5].

2.3.2 Pulsed DC sputtering

Pulsed DC sputtering is the most common sputter deposition technique. To prevent problems

which occur in DC Sputtering, pulsed DC sputtering has been developed and is now a well-

established alternative when processing non-reactive coatings, as well as a suitable alternative

to a DC power supply in terms of arc preventing in reactive atmosphere. A typical voltage

characteristic is presented in Fig. 2.6. Pulse frequencies are in the range of 10 to 350 kHz

and duty cycles (i.e. sputtering period, which permit high power during the pulse and a cool

down of the system between pulses) in the range of 50− 90%.

The duration cycle (τcycle) starts with a small positive pulse (pulse time, τrev), which is

used to reject ions from the surface in order to prevent a charge-build up. Subsequently, a

high negative voltage is applied, representing the sputtering cycle, in order to initiate ion

bombardment of the cathode. During this time it may be again recharged. Because of the

relatively large difference in electron and ion velocities, the off-time, τrev be lower compared

with on-time pulse, τon. A duration time rate of 1 to 10 is common. Furthermore, the cycle

duration represents the lowest critical pulsing frequency (fc = 1/τcycle) [5, 27, 35].

Figure 2.6: Schematic voltage characteristic of pulsed DC sputtering [35].
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2.3 Sputtering

2.3.3 High power impulse magnetron sputtering

High power impulse magnetron sputtering allows for enhanced target material ionization in

the range of 70 % [24, 30, 36–40] as compared with conventional pulsed DC of 1 % [24, 30, 36].

An extremely high power pulse is used to generate a large target power density of several

kWcm−2 in a relatively short period. In the case of conventional magnetron sputtering,

the duration time rate is smaller than 10 %. Therefore, the cathode has to persevere a

high peak power for a short time, followed by a long off-time in order to discharge and

cool down. The peak current density of the target can reach a few Acm−2, which is up

to three times higher than for conventional DC sputtering. The discharge voltage reaches

several hundred volts. The time-averaged target power density is in average similar to DC

magnetron sputtering, which is important, in order to prevent the target and magnetron

from damage [5, 24, 30, 41, 42].

There are two possibilities to avoid arcing during HiPIMS. First of all short pulses in the

range of 5 to 20µs (in order remain in the glow discharge regime) are generated, followed by

a long pre-ionization time with a low density plasma. In the time duration of high current

the glow discharge persists in a transition mode, whereupon possible arcing events should

be avoided. As a consequence, for instance, metal oxide films can be grown in a stable and

arc-free deposition process. Alternatively a longer impulse (e.g. a few thousands of µs) can

be applied. The last alternative route described here (Fig. 2.7), is divided into two areas,

whereas the first one is weakly ionized for the formation of a stable discharge. The second

highly ionized part should help to control the arcs [5, 42].

Figure 2.7: Target voltage and current waveforms during a long-pulse operation [42].

HiPIMS in combination or utilization with a bias potential is used to modify the structure
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2.4 Thin film growth

and film properties. In order of the high ion flux and with a low applied bias voltage it is

applicable to achieve thick dense films with low stresses [24].

2.4 Thin film growth

2.4.1 Basics of nucleation and grain growth

Properties of thin films strongly depend on the deposition conditions and can be manipulated

by controlling the substrate temperature, the chamber pressure, and energies of the sputtered

species by means of the applied bias voltage. Film nucleation starts with the arrival of

ions and vaporized atoms at the substrate surface. Ad-atoms diffuse along the surface

until an energetically preferred location is reached, or they may re-evaporate after a certain

time. In order to grow a film, the rate of arriving particles must exceed the rate of re-

evaporated atoms. The more atoms arrive at the surface, the more likely they form larger

clusters to reach a state in which the total surface energy is reduced. In the next step, the

crystallite sizes increase with the continuous incorporation of impinging ad-atoms and atom

clusters, consequentially also leading on increased island density. Subsequently, coalescence

and secondary nucleation occur in which islands merge—preferred by high temperatures as

diffusion is promoted. Coalescence, in turn, induces a reduction of the island density. Areas,

which are (after coalescence) unoccupied may serve as new locations for further nucleation.

Interfaces, which are initially incoherent, as for instance between islands, will persist during

film growth, whereas small variations in crystallite orientations likely merge. With further

deposition time (progressing film thickness), large islands grow together resulting in channels

and holes at the interface. In the stadium of the secondary nucleation, channels and gaps

are filled, forming a continuous dense thin film, on the basis of bulk diffusion [24, 27, 31].

The progress of film nucleation and growth is usually described by three concepts. These

are distinguished by means of the binding energy between the film, substrate, and vapor,

see Fig. 2.8.

Figure 2.8: a) Layer-by-layer growth, b) 3D island growth, and c) mixed growth, adapted
by [24].

The layer-by-layer growth or Frank-van der Merwe mode, Fig. 2.8a, is two dimensional. The

formation of a new layer is initiated after covering the entire surface underneath, due to the

14



2.4 Thin film growth

surface energy. This ideal film exhibits a very smooth surface, contrary to Vollmer-Weber,

Fig. 2.8b, or 3D island growth. In this case, the binding energy of the deposited material

is stronger than to the substrate. Ad-atoms on the surface will rapidly diffuse towards

neighboring ad-atom cluster and remain there, forming islands. Stranski-Krastanov growth,

Fig. 2.8c, is a combination of both and will most likely represent actual film growth. It takes

place in two steps. The film growth starts with layer-by-layer and beyond a critical layer

thickness a change to island growth occurs. [27, 31].

2.4.2 Structure zone model

Thin film structure and morphology can well be adjusted by various deposition parameters.

A convenient way to connect all these parameters is the so-called structure zone model

(SZM). The main features of the terminology of zone I, II and III originate from Movchan

and Demchishin [5, 43]. Their SZM concept was developed for extremely high thickness

( >100 µm) of polycrystalline films. A reduced parameter—the homologous temperature,

Th—was later introduced, defined as the film growth temperature normalized by the melting

temperature of the deposited material. Thornton [44] revised this model by considering the

influence of the deposition pressure and substrate temperature on the microstructure. Also a

transition zone, T, between zone I and II was introduced. A decade later Messier [45] declared

the ion energy as additional factor. All previous reports indicate that the microstructure

of zone III exists only for thin films in a non-pure ambit (i.e. existence of impurities) [46].

Because of rapidly increasing plasma-based deposition techniques such as high power impulse

magnetron sputtering, the increased ion fluxed must also be taken into consideration. Mahieu

first proposed such extended SZM [47]. The diagram has been updated by establishing

the ad-atom mobility on one axis. However, the most up-to-date and nowadays widely-

acknowledged SZM was published by Anders [48].

The structure zone model is a suitable tool to estimate film characteristics when changing

certain deposition parameters. Generally, as described in the previous paragraph, it can be

divided into 4 zones. At low energies representing Zone Ia, ad-atoms exhibit low mobility,

which prevents them from overcoming the diffusion barrier. The incident particles arrive at

the substrate surface at an angle α (see Fig. 2.9a). However, the growing atom clusters and

columns cause shadowing effects, resulting in local porous and/or amorphous microstructure

(angle β) without preferred growth orientation. By an improved bombardment a more dense

columnar structure can be obtained. Zone Ib, Fig. 2.9b, is controlled by knock-on effects,

which cause the voided structure to be filled up by particles. A structural change in Zone

Ib is still not possible due to the insufficient thermal energy. Contrary, in Zone Ic, T,

and II more mobile ad-atoms are induced by higher deposition temperatures. Hence, the

sputtered species can diffuse on single grains in random out-of-plane orientation, but not

from one grain to another. So grains will grow in a faceted columnar structure which only is
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2.4 Thin film growth

Figure 2.9: Schematic representation of various strucutre zones: a) zone Ia, b) zone Ib, c)
zone Ic, d) zone T, e) zone II adapated from [49], originally from [47].

separated by grain boundaries, but, however, not by holes, Fig. 2.9c. In Zone T, Fig. 2.9d,

the ad-atoms are allowed to diffuse beyond grain boundaries. The small polycrystalline

grains in turn grow in faceted crystals and form uniform crystallographic planes. Finally, a

complete thermodynamic stable thin film microstructure occurs in Zone II, Fig. 2.9e. Due to

recrystallization more stable islands are formed and all columns are oriented with the plane

of lowest surface energy [5, 24, 47].

This results in high particle collisions, caused by Ar ions and re-sputtered atoms. A con-

tinuously increasing kinetic energy implies a decreasing net deposition rate, until a certain

stage is reached, at which material is re-ejected from the substrate. This effect may even

be promoted by applying a negative substrate voltage and is typically used to clean the

substrate and referred to as ion etching [5, 24, 28, 47, 48].

Anders modified and extended the axes of the SZM in a way that process related growth

characteristics are taken into account, Fig. 2.10:
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2.4 Thin film growth

Figure 2.10: Extended structure zone model by Anders [48].

• the generalized temperature, T∗, consists of the homologous temperature and a tem-

perature displacement induced by the potential energy of arriving particles

• the logarithmic-scaled normalized energy, E∗, replaces the linear pressure axis and

includes the kinetic energy from displacement and heating effects caused, for instance

by ion bombardment

• the net film thickness, t∗, on the z-axis, demonstrates an increase or decrease of the

film thickness in succession of densification, sputtering, or ion etching.
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Chapter 3

Coating systems

Hard ceramic-like coatings belong to an industrially important class of materials. Their

chemical bonding character and resulting properties are summarized in Fig. 3.1. Depending

on the position within the triangle of ionic, covalent, and metallic bonds, different material

properties arise. Hence, those materials may also be denoted as metallic, ionic, or covalent

hard materials. Prominent representatives for nowadays industrially applied hard ceramic-

like coatings are transition metal nitrides (TMN) such as Ti-N and Cr-N. As they are located

in between the covalent and metallic key points of the triangle, high hardness and strength

can be expected. By alloying Aluminum (Ti1−xAlxN and Cr1−xAlxN), a further improvement

in terms of (thermal) stability can be achieved [21].

Figure 3.1: Hard ceramic-like coatings classified in terms of bonding character and mechan-

ical properties adapted from [50], originally from [51].
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Hard ceramic-like coatings are typically used in aerospace, tools and machining industry

as well as in automotive application. TMN have been, and are still being studied inten-

sively with respect to their physical, chemical, and mechanical properties. High thermal

stability, good wear and corrosion resistance, as well as high hardness allow for a significant

improvement of the bulk materials’ properties, hence life time [21, 50, 52].

3.1 Ta

Tantalum (Ta) belongs to elements referred to as refractory metals and is nowadays used for

various industrial applications particularly for electronic devices. Tantalum exhibits one of

the highest melting points of all elements (3017 ◦C) [52]. In those applications where metallic

Ta films are applied as diffusion barriers for copper in integrated circuits, in magnetic thin

film applications, and wear protection, is required [1, 9, 14, 15]. Sputtered Ta thin films

can occur in two different structures (Fig. 3.2): body centered cubic (bcc) α-Ta (space

group: Im-3m, space group number: 229 [53]) and tetragonal structured β-Ta (P-421m,

113 [54]) [14, 19, 55–57]. The α-Ta modification has a low electric resistivity (15-80 µΩ.cm),

a hardness of 9−12 GPa [55], and is resistant against high temperature wear and erosion. The

β-Ta phase exhibits a higher electric resistivity up to 150−200µΩ.cm at lower temperatures,

which therefore is often used as a distinction between these phases. However, β-Ta is unstable

above temperatures of 750 ◦C and transforms irreversible into the bcc phase [55, 56, 58]. Even

though β-Ta exhibits a higher hardness, 19.5 GPa, as compared with α-Ta, it is more brittle.

Figure 3.2: a) bcc Ta structure, b) tetragonal Ta structure [59].

3.2 TaN

TaN thin films deposited by PVD can be grown in various crystallographic modifications

as can be assumed from the binary N-Ta phase diagram (Fig. 3.3). Beside the equilib-

rium phases α-Ta(N) (Im-3m, 229), hexagonal close packed (hcp) γ-Ta2N (P-3m1, 164,

ε-Fe2N type), and hcp ε-TaN (P6/mmm, 191), several metastable phases exist: bcc β-Ta(N)
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3.2 TaN

(P42/mnm, 136), hexagonal (hex) Ta2N (P63/mmc, 194), hex θ-TaN (WC-type), cubic

B1 δ-TaN (Fm3m, 225, NaCl type), hex Ta5N6 (P63/mcm, 193, Nb5N6 type), tetragonal

Ta4N5 (I4/m, 87), and orthorhombic Ta3N5(Cmcm, 63), which all have similar characteris-

tics [9, 19, 21, 52].

Noteworthy is the thermodynamically stable stoichiometric TaN phase. Additionally, sev-

eral under- or overstoichiometric Ta-N phases can occur, which strongly depends on the

deposition conditions and process parameters.

Figure 3.3: TaN [60].

Howsoever, the most utilized application, as diffusion barrier layer in copper metallization

of silicon integrated circuits, raised in effectiveness, as the nitrogen content increases, until

a N to Ta ratio of 1:1 appears also at elevated temperatures [21, 52]. More recently, Ta-

N finds applications in manufacturing of chemical apparatus, and medical implants [10].

Other common application areas, related to their to their excellent mechanical properties,

are cutting tools or helicopter gearboxes and compressor blades [12, 14–16].
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Chapter 4

Characterization techniques

4.1 Coating thickness measurement

The coating thickness is an essential factor of technological thin films for protective appli-

cations. Two methods to gain information on the coating thickness were used in this work:

ball-crater-test (Fig. 4.1) and direct measurements from cross-section images obtained by

scanning electron microscopy.

Figure 4.1: Schematic of a ball-crater-test.

The ball-crater-test is a simple and straightforward method. A polished steel ball (in this

case with a diameter D = 30 mm) is pressed onto the coating sample with its net weight.

An abrasive diamond suspension is enclosed to the point of contact. Then the ball is set

into rotation. Thereupon material is removed until the substrate material is exposed. The

resulting crater exhibits an inner (Di) and outer (Do) diameter, which are determined by
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4.2 X-ray diffraction

optical light microscopy. The coating thickness can be calculated according to equation 4.1.

h =
(D2

o −D2
i )

4D
(4.1)

4.2 X-ray diffraction

X-ray diffraction (XRD) is the most widely used non-destructive method to determine the

structure of a solid material or thin film. Basically, two specific X-ray-types arise from the

interaction of electrons with the inner shells of an atom (i.e. the anode material of the

X-ray source), thermally generated at the cathode, with a solid anode material. One is

the continuous radiation, covering a broad wavelength spectrum. The second one is the

characteristic, element-specific, radiation. It arises from kick out processes of electrons from

an inner shell. The generated vacant electron position is re-occupied by an electron from an

outer shell. This transition results in the emission of characteristic electromagnetic radiation,

which is then directed towards the sample. X-rays arrive there at a certain angle and

interact with electrons of the solid material. Depending on given local atomic conditions,

the electromagnetic waves can either constructively or destructively interfere. At a given

wavelength λ, the lattice plane distance dhkl, at which constructive interference occurs, is

clearly defined according to Bragg’s law 4.2.

nλ = 2dhkl sin θ (4.2)

n is the diffraction order, λ the electromagnetic wavelength of the anode material —in this

specific case Cu (λ(Kα) = 0.15406 nm)—dhkl...lattice plane distance [nm] and Θ...the Bragg

angle [deg].

Naturally, a variation in the wavelength also results in a variation of angles or lattice

plane distances which fulfill the Bragg’s law, illustrated in Fig. 4.2c. Therefore, the use

of monochromatic X-rays is essential for a good spatial peak resolution. In addition to the

monochromator, which may be placed after the X-ray source and optionally just before the

detector, a mirror device (Göbel-Mirror), to ensure parallel beams, is placed in between the

monochromator and the sample.

Two different measurement arrangements were used in this work to gain information on

the crystallographic constitution of coatings deposited. The Bragg-Brentano arrangement

is defined by a synchronously movement of the X-ray tube and the detector, whereby the

scattering vector, g, is fixed exactly in the middle. Lattice planes parallel to the sample

surface and normal to g fulfill the Bragg condition of. The source is performing a circular

movement confining an angle θ with the sample surface plane. The angle 2θ, as shown in

Figure 4.2a, between X-ray source and detector is fixed. For grazing incidence diffraction
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4.2 X-ray diffraction

(GID), Fig. 4.2b, the X-ray tube is stationary (constant angle of incidence) whereas the

detector moves with 2θ. In that case, the scattering vector moves with θ. In this arrangement,

lattice planes which are not parallel to the sample surface contribute to the XRD pattern.

This arrangement identifies near-surface information about the sample. Contrary to Bragg-

Brentano, including primarily depth information, which, however, leads to the disadvantage

of intense substrate information in thin films measurements [61, 62].

Figure 4.2: a) Bragg-Brentano arrangement, b) grazing incidence arrangement, c) schematic
arrangement of Bragg’s diffraction adapted from [49], originally from [61].

The obtained X-ray spectra can be used to obtain a multitude of information from the

coating as illustrated in Fig. 4.3.

The distance of a certain lattice plane family {h,k,l}, dhkl, is calculated by the diffraction

angle 2θ of the respective XRD peak position (Fig. 4.3a) according to the Bragg formula.

However, the exact peak position may varies from the ideal position due to the residual

stress state, chemical variations, or defects within the coating.

As for the stress state, is has to be noted, that only strains are measured out of which stresses

can be estimated. In case of compressive stresses and a Bragg-Brentano arrangement, the

actual XRD peak is shifted to smaller diffraction angles as the lattice planes, for which the

Bragg equation holds true, diverge (assuming only lattice planes parallel to the surface to

obey Bragg equation). Conversely, tensile stresses cause a peak shift to higher diffraction

23



4.2 X-ray diffraction

angles due to the decrease in lattice plane distances.

Similarly statements of chemical conditions can be made. For instance, peaks for a single-

phased cubic Ti0.5Al0.5N (Fig. 4.3b) film will lie in between the International Center for

Diffraction Data (ICDD) peak positions for cubic TaN (larger lattice parameter, hence

smaller diffraction angles) and cubic AlN (smaller lattice parameter, hence higher diffrac-

tion angles). However, heavy elements may be overestimated due to their large number of

electrons which considerably interfere with the incident X-rays.

Moreover, the peak height gives a semi-quantitative explanation of the detected lattice

planes. For example, the peak with the highest intensity can indicate the preferred ori-

entation of the sample (Fig. 4.3c).

A commonly used parameter to estimate for the morphology of a thin film is the peak width

(Fig. 4.3d). A single crystal or a big grain reflects in XRD patterns in a narrow peak and is

defined by a low value of full width of half maximum (FWHM). Contrarily, a polycrystalline

material exhibits a large number of small, randomly oriented crystals which result in broad

peaks [61, 62].

Figure 4.3: Schematic XRD pattern a) peak position, b) peak shift, c) peak height, and d)
peak width (FWHM), according to [62].
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4.3 Nanoindentation

4.3 Nanoindentation

In this study we used an IBIS nanoindentation system by Fischer-Cripps Laboratories for

hardness and indentation modulus evaluation. The device is equipped with a Berkovich

diamond tip, a three sided, geometrically self-similar pyramid, with a tip angle of 65.3 deg.

During the measurement the tip is pushed onto the film surface and a load-displacement curve

is recorded (Fig. 4.4). Loads from 30 to 2 mN, depending on the film thickness were used. It

is of utmost importance to exclude substrate interference. Therefore, it is necessary to bear

the indentation depth in mind, typically 10% is considered as the maximum value [63]. At the

maximum elastic-plastic load the indenter penetrates with the maximum indentation depth,

hmax, consisting of elastic indentation depth, he, and plastic indentation depth, hr. During

the following load discharge only the plastic indentation depth can be determined from the

residual contact area (likewise Vickers hardness). Subsequently, hardness and indentation

modulus can be calculated (e.g. by the method of Oliver and Pharr [64]).

Figure 4.4: Schematic diagram of a load-displacement curve [65].

However, a multitude of factors may negatively influence the evaluation of nanoindentation

measurements. In reality one will always have to deal with—to a certain extent blunt tip—.

Thus, the actual deviation from the ideal tip has to be corrected taking the so-called area

function (calibration with a reference material) into account. Furthermore, nanoindentation

is very sensitive for surface irregularities such as droplets, growth defects, or steps within

the film surface. To obtain reliable information on the coatings properties it is therefore

of utmost importance to select clean and representative surface areas or, if not available,

polishing of the sample surface is required. In addition, one may select the indentation
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4.4 Scanning electron microscopy

points by hand using a mapped-indentation grid. The influence of thermal drift hast to be

minimized by an acclimatization time prior to each measurement. Moreover, vibrations can

also cause fluctuations. The stress state of the coating also influences to higher hardness

values and is often specifically adapted by selecting appropriate deposition conditions [63].

In the case of Ta-N, we observe high residual stresses, which can be influenced by grain

boundaries or cracks in the material [63, 66, 67].

4.4 Scanning electron microscopy

Scanning electron microscopy (SEM) thin film investigations in this work are focused on sur-

face and cross-sectional imaging. The latter one can be used for thickness evaluation as well

as detailed insights into the coatings micostructure. In contrast to white-light microscopy,

SEM allows for higher spatial resolution.

An electron source (field emission cathode with Schottky Emitter (LaB6)) emits a beam

of electrons, which are then accelerated by an electric field, (typically between 5 and 20

kV), depending on the specific purpose, and are subsequently focused on the sample by a

system of magnetic lenses. This arrangement enables a defined beam movement (scanning

of the sample surface). The sample itself is placed in an evacuated chamber to minimize

interactions with air molecules. Different electrons matter interacts are known (Fig. 4.5).

Figure 4.5: Interaction of the electron beam with the sample and corresponding information

of generation depth out of the specimen used for materials characterization [68].
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Close to the surface, emitted electrons, including secondary electrons (e.g. electrons emitted

from external excitation of inner shell) and Auger electrons (electrons emitted from excess

energy of a charge transfer of an outer to an inner shell), occur. They are in-elastically

scattered. Back-scattered electrons emerge from an increased sample depth. These electrons

are reflected from sample material by elastic scattering and are typically used for material

contrast images for heavy elements. X-rays (i.e. characteristic X-rays, continuum X-rays,

Fluorescent X-rays) arise from the highest sample depth. The characteristic X-rays are

used for chemical analyses, as for instance energy-dispersive X-ray spectroscopy (EDS) or

wavelength dispersive X-ray spectroscopy (WDS).

An even better resolution can be obtained by thermal field electron emission with the ben-

efit of a higher and more stable beam intensity. Additionally, the spread in electron energy

may be significantly reduced. Undesired charging of the sample is an issue, especially for

non-conductive samples. For this reason, the respective sample may be sputtered with a

conductive layer (e.g. Pt, Au) prior to the investigation. The detected electrons and X-rays

are computationally processed. A major advantage hereby is the possibility to obtain infor-

mation on the chemical composition in a rather simple, and non-destructive way. Electrons

with sufficient kinetic energy strike an electron from an inner shell of the atom (see Fig. 4.6).

The thereof remaining vacant energy level is subsequently occupied by an electron from an

outer shell, which in term results in the emission of characteristic X-rays according to the

energy difference. These characteristic X-rays exhibit a certain, element specific, energy re-

lated to a defined atomic transition. The number of counts is plotted against the respective

energy, and used for element identification [69, 70].

Figure 4.6: Generation of characteristic X-rays and secundary electrons based on the impact

of accelerated electrons, adapted from [68].
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The microstructural development of reactively sputtered tantalum nitride thin films is investigated
as a function of the N2-to-total pressure ratio (pN2/pT ) and the operating mode of the metallic
tantalum cathode by high power impulse magnetron sputtering (HiPIMS), pulsed direct current
(DC) and DC sputtering. For all sputtering modes investigated, the phase evolution of the Ta-N
films strongly depends on the nitrogen partial pressure, pN2, used when keeping the total pressure,
pT , constant at 0.3 or 0.6Pa. The major crystalline phases identified, with increasing the N2-to-total
pressure ratio, are α- and β-Ta, orthorhombic o-Ta4N, hexagonal close packed (hcp) γ-Ta2N, cubic
δ-TaN, and hcp ϵ-TaN, respectively. The minimum pN2/pT -ratio needed for the formation of the
individual nitride phases, decreases from DC to HiPIMS. For example, when using a pN2/pT -ratio
of 13.4%, the nitrogen content within the HiPIMS film is ≈ 38.5 at.%, but only ≈ 26.5 at.% within
the pulsed DC and DC sputtered films. Therefore, the HiPIMS film is mainly composed of γ-Ta2N
(with traces of ϵ-TaN) whereas the pulsed DC and DC sputtered films also contain o-Ta4N next
to γ-Ta2N. These coatings—with a majority of γ-Ta2N—exhibit the highest hardness values with
38.2±4.6, 38.0±2.3, and 40.0±3.8 GPa among all samples studied, respectively. Further increasing
pN2/pT leads to the formation of δ- and ϵ-TaN, which are the dominating phases for pN2/pT -values
above 38.1%. For higher N2-to-total pressure ratios, the phase fraction of ϵ-TaN increases on the
expanse of δ-TaN and a significant reduction in hardness, even down to ≈ 20GPa, is observed.
Based on our results we can conclude that the highest hardness is obtained forγ-Ta2N dominated
films. Consequently, with respect to mechanical properties, the most important pN2/pT range is
between 13.4 and 38.1%, where the films undergo a transformation from γ-Ta2N (plus o-Ta4N) to
δ- and ϵ-TaN. Generally, this phase transformation is shifted to lower pN2/pT -values when using
HiPIMS instead of pulsed DC or DC sputtering.

Keywords: TaN; Phase Evolution; HiPIMS; γ-Ta2N;

I. INTRODUCTION

Transition metal nitrides processed by physical vapor
deposition (PVD) exhibit remarkable properties making
them attractive candidates for a vast number of indus-
trial applications [1–7]. Most prominent representatives
are TiN [8–10], CrN [10–12], and their Al-alloyed ternary
systems Ti1−xAlxN [10, 13–18] and Cr1−xAlxN [10, 11],
which are nowadays used for cutting and drilling opera-
tions. Also tantalum forms binary and ternary (Al) ni-
trides which are extensively studied concerning electric
and thermal properties in recent years. Accordingly, re-
search of Ta-N is mainly driven by the microelectronic
sector because of its applicability in thin film resistors
and diffusion barriers in Cu-based metallization [19–26].
Recent studies also emphasize on its wear and corrosion
resistance, excellent hardness, and high thermal stabil-
ity [7, 21, 23–25, 27, 28]. Furthermore, Ta-N films ex-
hibit a huge potential for chemical apparatus, medical
implants [19, 29], mechanical demanding applications in-

∗ heribert.marihart@stud.unileoben.ac.at

cluding compressor blades, helicopter gearboxes, or in the
tool coating industry as for instance high-speed cutting
and drilling [21, 23, 25, 26, 28, 30].

Material properties, and in further consequence the
accessible fields of application strongly correlate with
the microstructure and crystallographic constitution.
Among the most important phases, in the tantalum ni-
tride binary phase diagram, are the solid solution α-
Ta(N), hexagonal-close-packed (hcp) γ-Ta2N (ϵ-Fe2N-
prototype), and hcp ϵ-TaN. Apart from these, a large
number of metastable phases exist: body-centered cu-
bic (bcc) β-Ta(N), hcp Ta2N, hexagonal (hex) θ-TaN
(WC-prototype), cubic B1 δ-TaN (NaCl-prototype), hex
Ta5N6 (Nb5N6-type), tetragonal Ta4N5, and orthorhom-
bic Ta3N5 [21, 23, 25, 26, 31–34]. For example, α-Ta
is used as low resistant diffusion barrier, for high tem-
perature wear and erosion application, or a protective
gun-barrel coating [35]. The β-Ta phase is applied as
thin-film resistor component because of the rather small
temperature dependence of electrical properties over a
wide temperature range [35]. It furthermore features rea-
sonable good magnetic properties [36, 37]. One of the
major fields of application of tantalum nitride phases are
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electronic devices. Cubic δ-TaN, for instance, attracts at-
tention due to its superconductivity [38], Ta3N5 finds use
in the semiconductor industry, and the two phases hexag-
onal Ta5N6 and hcp ϵ-TaN exhibit a strong hybridization
between N and Ta atoms, which makes them extremely
attractive for electronic industry [25].

Based on this variety of crystal structures and there-
with associated broad spectrum of properties it is of ut-
most importance to understand the relation between de-
position technique used and the attainable microstruc-
ture. Otherwise, one will not be able to grow Ta-N coat-
ings featuring properties specifically tailored to meet the
requirements of application. In this work we compare the
structural evolution and mechanical properties of HiP-
IMS, pulsed DC and DC sputtered Ta-N films, primarily
as a function of the N2-to-total pressure ratio.

II. EXPERIMENTAL

Tantalum nitride thin films were deposited using a
modified Leybold Heraeus A400-VL unbalanced mag-
netron sputtering system. The powder metallurgi-
cally produced Ta target (Plansee SE, 99.9% purity,
ø75x7mm2) was positioned 55 mm below the parallel fac-
ing substrate holder. Prior to the deposition process,
austenitic (20x7x0.5mm3) substrates were ultrasonically
cleaned in acetone and ethanol for 10 minutes. Subse-
quent to the heating procedure to ≈ 500 ◦C (30 minutes
holding time) the substrates were sputter-etched for 5
minutes in pure argon atmosphere. After a base pressure
of approximately 0.3Pa was reached, a metallic Tanta-
lum interlayer of ≈ 100 nm thickness was deposited to
ensure enhanced adhesion of the Ta-N top layers.

Argon and Nitrogen were flow-controlled injected into
the chamber resulting in an N2-to-total pressure ratio
(pN2/pT ) of 0, 13.4, 25.7, 38.1, 50.5, 62.9, 75.3, 87.6, and
100%, which results in a total process pressure of ≈
0.3Pa for DC (minimum 160 W = 3.62W/cm2, max-
imum 273W = 6.2W/cm2) and DC pulsed (duration
cycle of 50 kHz, on-time for 2656 ns, minimum 139 W =
3.2W/cm2, maximum 284W = 6.4W/cm2) sputtering.
The cathode was operated in constant current mode
(I = 0.5A) for 60 minutes. Substrates were addition-
ally biased with −50V to enhance growth kinetics. Due
to stability reasons the working pressure for the HiPIMS
process was set to approximately 0.6Pa, and operated
in constant power mode (P = 500 W) and a duration
cycle of 500 Hz with an on-time for 100 s, resulting in
11.3W/cm2.

The crystallographic structure of the Ta and Ta-N
coatings was examined by X-ray diffraction in Graz-
ing Incidence (GI, angle of incidence 2 deg) and Bragg-
Brentano (BB, 15−90 deg) arrangement. The Empyrean
PANalytical (Θ-Θ Diffractometer) with a Cu (Kα) radia-
tion source was additionally equipped with a monochro-
mator and Göbel Mirror calibrated for thin film char-
acterization. Fracture cross-sectional micrographs were

acquired using a FEI Quanta 200 FEG scanning elec-
tron microscope (SEM) with an acceleration voltage of
5 keV. Analysis of the chemical composition was con-
ducted by energy dispersive X-ray spectroscopy (EDS)
with an acceleration voltage of 20 keV. However, it has
to be pointed out, that chemical evaluation of heavy (Ta)
and light (N) elements are extremely difficult, in this spe-
cific case most likely leading to an overestimation of Ta
and consequently underestimation of N. The supplemen-
tary measurement of a selected coating by Elastic Re-
coil Detection Analysis points towards an error of about
12 at.%. Hardness measurements were conducted on an
IBIS nanoindentation system by Fischer-Cripps Labora-
tories equipped with a Berkovich diamond tip. Loads
from 30 to 2 mN, depending on the film thickness and sur-
face appearance, were applied. Load displacement curves
were evaluated according to Oliver and Pharr [39]. Spe-
cial care was taken not to experience substrate influence.

III. RESULTS AND DISCUSSION

A. DC Sputtered Films

Fracture cross-sectional micrographs of DC sputtered
Ta-N films, Fig. 1, clearly demonstrate the dependence of
the developing microstructure and growth rate on the N2-
to-total pressure ratio used. The thin bright layer at the
substrate interface is a metallic Ta interlayer to enhance
adhesion. In pure Ar atmosphere (Fig. 1a) fine and short
columns, branched into broader and longer columns, are
visible. Such distinct open columnar growth usually ex-
hibits reduced mechanical properties. On one hand the
cohesion between grains with wide and large boundaries
is significantly reduced, on the other hand, voids and
open grain boundaries represent ideal diffusion pathways
for diffusion.

The regulation to a pN2/pT -ratio of 13.4% (Fig. 1b),
results in a finer-grained and dense structure with a
smooth surface. The transition from a fine to coarse
morphology is gradual along the whole coating thickness.
The growth rate is, also due to target poisoning, reduced
as compared with the pure metallic film.

The coating processed with 38.1% pN2/pT -ratio, see
Fig. 1c, exhibits a similar microstructure with initially
fine and subsequent larger grains. However, a more pro-
nounced coarsening with increasing film thickness is ob-
tained. This trend continues with higher N2-to-total
pressure ratios. The zone, which exhibits a rather rough
microstructure, appears earlier in the deposition process
(hence, already at lower coating thicknesses) as compared
with lower nitrogen contents. This finding could be a re-
sult of the reduced deposition rate with higher N2 par-
tial pressure and the thereby increased time for adatoms
to migrate at the film surface. Images of Ta-N coat-
ings prepared with a N2-to-total pressure ratio of more
than 38.1% show outbursts of open columns in the cross-
section, which is an indication for weakened interfaces to
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FIG. 1. Cross-sectional SEM images of DC sputtered Ta-N
films. The N2-to-total pressure ratio is increased from (a) 0
to (b) 13.4, to (c) 38.1, to (d) 75.3%.

the surrounding grains. The cross-section SEM micro-
graph, Fig. 1d, features detached crystallites, appearing
with bright contrast.

For almost all coatings we observe partial spallation
during cracking of the austenitic substrates (for the
preparation of the cross-section micrographs), despite the
Ta bonding layer. Cracking of the film leads to a flake-
like appearance of the surface, especially for coatings pre-
pared with pN2/pT -ratios above 50.5%.

Figure 2 shows XRD scans of reactively DC sputtered
Ta-N films as a function of the N2-to-total pressure ra-
tio. In pure argon atmosphere (black XRD scan at the
bottom), body-centered cubic α-Ta (lower half-filled blue
squares, JCPDS card 00-004-0788) is formed [33, 40].
Stable α-Ta usually crystallizes at deposition temper-
atures above 400 ◦C, whereas a mixture of the stable
α phase and metastable tetragonal β-Ta forms between
300 to 400 ◦C [41, 42]. A further decrease of deposition
temperature results in the growth of films entirely com-
posed of β-Ta (indicated by black triangles, JCPDS card
00-025-1280). In the present case, we find small por-
tions of β-Ta as suggested by a minor XRD peak at
2Θ = 34.5 deg. Process induced defect densities and
residual stresses of the coatings can be the reason for the
observed XRD peak shift, when compared with JCPDS
reference peak positions.

Upon the introduction of nitrogen gas with pN2/pT -

ratio of 13.4% to the deposition chamber, at least two
Ta-rich phases crystallize: orthorhombic o-Ta4N (pink
diamonds, JCPDS card 00-032-1282) and hcp γ-Ta2N
(upper half-filled green hexagons, JCPDS card 00-026-
0985). The formation of o-Ta4N and γ-Ta2N very well
corresponds with the nitrogen content within the films,
suggesting for Ta-rich Ta-N phases. Peak broadening, as
it is for example visible at 2Θ ≈ 73 and ≈ 83 deg, is a
result of finer coherent scattering domain sizes as well as
the superposition of two or more XRD peaks.

For a pN2/pT -ratio of 25.7% a significant modifica-
tion of the XRD pattern can be detected. The double
peak at 2Θ ≈ 33 and 35 deg (mainly comprising o-Ta4N
with small contributions of γ-Ta2N) narrows and a pro-
nounced XRD peak at 33.97 deg, a position indicative for
the (100) lattice planes of γ-Ta2N, develops. The peak
asymmetry towards the right hand side is a result of su-
perimposed (002) and (101) reflections. The previously
dominant (111) o-Ta4N XRD peak at 2Θ ≈ 37.7 deg can
not be detected anymore. On the other hand, we now can
identify a cubic δ-TaN phase (indicated by upper-half
filled blue squares, JCPDS card 00-032-1283) by small
XRD peaks emerging at 2Θ ≈ 41.5, 60.5, and 72 deg.

DC sputtered Ta-N films with pN2/pT = 38.1% consist

FIG. 2. XRD patterns of reactively prepared DC sputtered
Ta-N films. The N2-to-total pressure ratio is increased from
0 to 13.4, 25.7, 38.1, 50.5, 62.9, 75.3, 87.6, and 100%.
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FIG. 3. Deposition rate (blue squares) and target voltage (red
spheres) of DC sputtered Ta-N coatings as a function of the
N2-to-total pressure ratio.

of stoichiometric cubic δ- and hcp ϵ-TaN (green hexagons,
JCPDS card 04-003-1766). The latter phase is identified
by the slight XRD shoulder formation at 2Θ ≈ 32 deg
as well as emerging XRD peaks at 34.5, 36.0 deg, and
≈ 61 deg. Even though the observed peak positions
also match with N-rich Ta-N phases, we conclude, that,
based on the actual nitrogen content within the coating
(<50 at.%, considering the limits and errors in measure-
ments of heavy and light elements), a defected and par-
tially distorted stoichiometric film composition (i.e. δ-
and ϵ-TaN) is more likely.

At pN2/pT -values of 50.5% and beyond, only marginal
changes in the respective XRD patterns can be de-
tected. Primarily, the δ-TaN phase decreases in intensity,
whereas the respective ϵ-TaN XRD peaks intensify and
sharpen, as for example seen in the 2Θ range between
30 and 33 deg. However, we have to point out that with
decreasing film thickness (due to an increasing N2-partial
pressure), the metallic Ta bond layer, deposited to im-
prove adhesion, now becomes more and more visible, see
the sharp (110) XRD peak at ≈ 38.5 deg. DC sputtering
of Ta targets in pure nitrogen allows for the growth of
almost single-phased ϵ-TaN films. The chemical compo-
sition of these coatings, exhibiting ≈ 47 at.% nitrogen,
again confirm our previous assumption of stoichiometric
Ta-N phases being most likely present.

Figure 3 shows the actual target voltage, Vt (red
spheres), applied during the DC sputter process. In
pure argon atmosphere, Vt starts with 321V and grad-
ually (but non-linearly) increases up to a maximum of
559V. Simultaneously the deposition rate (blue squares)
decreases from 176 ± 11 nm/min to approximately 15 ±
3 nm/min.

This behavior can be explained by the effect of target
poisoning and has intensively been investigated in the
past [43, 44]. With an increasing amount of reactive gas
within the chamber, a Ta-N compound layer is formed
on the target surface. On one hand the resistance is in-

creased, which in turn leads to a voltage increase (R≈U).
On the other hand, the sputter efficiency is significantly
reduced due to the higher cohesive energy of the nitride
layer on the Ta cathode. Consequently, the continual
decrease in growth rate due to the increasing nitrogen
partial pressure can be explicated by the modification
from metal to nitride sputtering mode [21, 45, 46].

The nanoindentation hardness H and Youngs modulus
E of DC prepared coatings, as a function of the nitro-
gen content within the coatings measured by EDS, is
presented in Figs. 4a and 4b, respectively. The hard-
ness for metallic Ta films is about 7.7 ± 0.5GPa, cor-
responding to other results showing that metallic films
are typically lower in hardness than their respective ni-
tride compounds [47]. The addition of selected elements,
e.g. nitrogen, leads to a hardness increase to the range
between ≈ 20 and ≈ 40GPa [48]. The highest hard-
ness of H = 40 ± 3.8GPa is obtained for coatings with
nitrogen contents <30 at.% [21] and the corresponding
Youngs modulus is approximately 380 GPa. Respective
Ta-N coatings feature a dense microstructure and con-
sist, according to previously discussed XRD results, pri-
marily of γ-Ta2N (with traces of o-Ta4N). Coatings com-
prising a higher nitrogen concentration show a slight de-
crease in hardness to ≈ 25GPa, whereas E increases to

FIG. 4. (a) Hardness and (b) Youngs modulus of Ta-N coat-
ings prepared by DC sputtering as a function of the nitrogen
concentration within the coatings measured by EDS. The dif-
ferent Ta-N phases present in the respective nitrogen regime
are indicated.
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about 430 GPa. The hardness drop can on one hand
be explained by the developing columnar microstructure
(please see Fig. 1d), and on the other hand by the pres-
ence of hcp ϵ-TaN. Furthermore, the reduced film thick-
ness (constant deposition time for all coatings, but de-
creasing growth rates due to target poisoning) may also
influence the hardness values, although special attention
was paid to reduce substrate interference during nanoin-
dentation. Above pN2/pT = 62.9% a steep decrease of
Youngs modulus to values of 330 GPa is observed, fol-
lowed by an increase to 405GPa. This actually sug-
gests that the coatings prepared with pN2/pT = 75.3 and
87.6% contain a higher phase fraction of ϵ-TaN (there-
fore, significantly lower Youngs modulus and hardness)
than the coating prepared with pN2/pT = 100%. This
would actually agree with the XRD results showing that
the pronounced XRD peak at 62 deg diffraction angle
is shifted towards δ-TaN when using a pN2/pT ratio of
100%.

B. Pulsed DC Sputtered Films

Fracture cross-sectional micrographs of pulsed DC
sputtered Ta-N films are provided in Fig. 5.

In pure Ar atmosphere (Fig. 5a) a distinct open colum-
nar morphology is visible, which upon increasing N2-to-

FIG. 5. Cross-sectional SEM images of pulsed DC sputtered
Ta-N films. The N2-to-total pressure ratio is increased from
0 (a) to 13.4 (b), 38.1 (c), to 75.3% (d).

total pressure ratio to 13.4% (Fig. 5b), evolves into a
finer-grained, hence more compact, microstructure. The
respective coating cross-section for the DC prepared Ta-
N films (see Fig. 1b) does not exhibit such a fine and
dense structure. This suggests, that film growth is ef-
fectively enhanced by the use of a pulsed DC system.
Higher pN2/pT -values result in the development of an
amorphous-like layer at the interface to the Ta-adhesion
layer, followed by a fine-grained structure. This is espe-
cially pronounced for the coating prepared with pN2/pT

= 25.7 and 38.1% (Fig. 5c). Figure 5d shows the cross-
section of the coating prepared with pN2/pT = 75.3 %,
which can be seen as a representative for all coatings pre-
pared with pN2/pT -values above 40 %. The dual charac-
ter of an initially fine amorphous-like structure followed
by evolving grains is typical for these coatings. Similar
to DC prepared coatings, we can identify distinct crys-
tallites appearing bright in the respective cross-section
micrographs.

Figure 6 shows Bragg-Brentano XRD patterns of Ta-N
films prepared by pulsed DC sputtering as a function of
the N2-to-total pressure ratio.

In pure argon atmosphere, body-centered cubic α-Ta is
formed, which, compared to DC grown Ta films, exhibits

FIG. 6. Bragg-Brentano XRD patterns of pulsed DC sput-
tered Ta-N films. The N2-to-total pressure ratio is increased
from 0 to 13.4, 25.7, 38.1, 50.5, 62.9, 75.3, 87.6, and 100%.
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XRD peak positions slightly shifted to lower diffraction
angles. Again, we can identify β-Ta by a weak XRD
peak at 2Θ = 34.5 deg. Upon the introduction of ni-
trogen, pN2/pT = 13.4%, o-Ta4N and γ-Ta2N crystal-
lize, yet with broader peaks and reduced intensity. The
broadening suggests finer coherent-scattering crystallite
sizes as compared with the DC sputtered counterparts.
By pulsing the DC current, one aims for enhanced ion
bombardment, which in turn hinders the development of
large columns [46]. The broad asymmetric XRD peak
between 2Θ = 70 and 75 deg clearly demonstrates the
(at least) dual-phased constitution of the films. Corre-
sponding to the results shown in Fig. 2 for DC sputtered
films, a pN2/pT -value of 38.1% results in the formation
of stoichiometric δ- and ϵ-TaN phases. Nonetheless, de-
viations from the JCPDS reference peak positions sug-
gest partially distorted and (most likely) highly defected
structures. The major XRD peaks can all be assigned to
the hcp ϵ-TaN phase, whereas the slight broadening at
≈ 72 deg still suggests small phase fractions of cubic δ-
TaN. The crystallographic modifications upon further in-
creasing the nitrogen partial pressure is rather marginal,
again similar to DC sputtered films, pointing towards a
continuous development of ϵ-TaN structured coatings at
the expanse of δ-TaN. At 100% nitrogen (i.e. ≈ 48 at.%
N within the coatings) we assume that ϵ-TaN is the dom-
inating phase present. Again, the (110) XRD peak of the
metallic Ta bond layer becomes continuously stronger in
intensity, because the coating thickness decreases.

Deposition rate and target voltage, Vt, as a function of
the N2-to-total pressure ratio is shown in Fig. 7. Both pa-
rameters are lower as compared with DC prepared coat-
ings, however the general trend is similar. The deposi-
tion rate exhibits a peak value of 81 ± 3 nm/min at 0%
N2. A plateau develops between pN2/pT -ratios of 13.4
and 38.1%, extending to higher N2-to-total pressure ra-
tios than seen for the DC coatings (Fig. 3). A further
increase of the nitrogen content leads to an almost lin-

FIG. 7. Deposition rate (blue squares) and target voltage
(red spheres) of Ta-N coatings as a function of the N2-to-total
pressure ratio used during pulsed DC sputtering.

FIG. 8. (a) Hardness and (b) Youngs Modulus of Ta-N coat-
ings prepared by pulsed DC sputtering as a function of the
nitrogen concentration within the coatings measured by EDS.
The different Ta-N phases present for the respective nitrogen
regime are indicated.

ear decrease in deposition rate [49]. Interestingly, the
final value of the deposition rate, at 100% nitrogen par-
tial pressure, again increases to 13.4 ± 4 nm/min, and is
rather similar to that of DC sputtering.

Figures 8a and b show the nanoindentation hardness H
and Youngs modulus of pulsed DC prepared coatings as
a function of their nitrogen content. The hardness of Ta
processed in pure Ar atmosphere is about 9.4 ± 0.5GPa.
In contrast to DC sputtering, a smoother cross-sectional
microstructure is obtained, which can be attributed to
the higher momentum transfer during pulsed DC sput-
tering [46].

In the present study, the highest hardness of H = 38±
4.5GPa is obtained for the coating containing 25.9 at.%
nitrogen, in good agreement with Valleti et al. [46]. The
corresponding Youngs modulus is about 375GPa. A fur-
ther increase of pN2, thus increases in nitrogen coating
concentration, does not significantly influence the hard-
ness, although the Youngs modulus is increased to ap-
proximately 400GPa. Higher nitrogen partial pressures
lead to a continuous reduction of γ-Ta2N phase fraction
and an increase in δ- and particularly ϵ-TaN phase frac-
tion. This in turn leads to a decrease in hardness and
Youngs moduli to around 25GPa and 310 GPa, respec-
tively.
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C. HiPIMS Films

Typical examples of fracture cross-sectional SEM im-
ages of HiPIMS Ta-N coatings deposited with varying
N2 partial pressures are provided in Fig. 9. The ini-
tial morphology of the metallic Ta layer, features a more
distinct open columnar appearance, see Fig. 9a, as com-
pared to the DC film. At pN2/pT = 13.4% (Fig. 9b) the
microstructure changes from columnar to tightly packed
fine-fibrous grains. The growth rate, due to target poi-
soning, decreases. A further grain refinement occurs for
a further increase in pN2/pT to 25.7%. Contrary to
the DC sputter process, coatings prepared with pN2/pT -
ratios of 38.1 (Fig. 9c) and 50.5% exhibit a significantly
finer-grained, hence more compact, microstructure. Ac-
tually the coatings are more comparable to the cross-
section presented in Fig. 1d, which actually represents a
DC sputtered coating prepared with pN2/pT = 75.3%.
With pN2/pT -values between 62.9 and 75.3% (Fig. 9d)
the coatings exhibit a fine amorphous-like growth mor-
phology close to the substrate (or the Ta bond layer)
and a more coarse grained growth morphology closer to
the surface region. This is very similar to the growth
morphology of DC and pulsed DC sputtered Ta-N coat-
ings prepared at very high nitrogen partial pressures. In
agreement with the XRD investigations, this points to-
wards a mainly single-phase growth morphology of our

FIG. 9. Cross-sectional SEM images of Ta-N films grown by
HiPIMS with varying N2-to-total pressure ratio of (a) 0, (b)
13.4, (c) 38.1, and (d) 75.3%.

coatings. Based on these results we conclude, that HiP-
IMS allows for a similar growth morphology and mi-
crostructures as DC and pulsed DC sputtering, but al-
ready at lower nitrogen partial pressures. Further in-
creasing the pN2/pT to 87.6 and 100% results in serve
arcing on the target during the HiPIMS mode, which is
why such coatings were not grown.

Figure 10 shows Bragg-Brentano XRD patterns of Ta-
N films prepared by HiPIMS. The crystallographic com-
position of the coatings prepared in pure argon atmo-
sphere is comparable to pulsed DC and DC sputtered
coatings. Although, the HiPIMS coatings exhibit a pro-
nounced (100) and (220) growth orientation.

With a N2-to-total pressure ratio of 13.4%, the coat-
ings are nearly γ-Ta2N single-phase structured with a
pronounced (100) growth orientation. The DC and
pulsed DC sputtered films still contained metallic Ta
and o-Ta4N phases next to γ-Ta2N for pN2/pT = 13.4%,
please compare Fig. 2 and Fig. 6, respectively. SEM EDS
measurements clearly show, that the HiPIMS coatings
prepared with pN2/pT = 13.4% already contain about
38.6 at.% N, in agreement with the observed γ-Ta2N
structure.

With a further increase in pN2/pT to 25.7%, cubic δ-

FIG. 10. Bragg-Brentano XRD patterns of reactively pre-
pared HiPIMS Ta-N films. The N2-to-total pressure ratio
increases from 0 to 13.4, 25.7, 38.1, 50.5, 62.9, to 75.3%.
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TaN is formed, see the low-intensity and broadened XRD
peak at 2Θ ≈ 62 deg. For this coating it is difficult to
identify whether the XRD peak at around 34 deg stems
from γ-Ta2N or ϵ-TaN. The nitrogen content suggests
for a γ-Ta2N phase. Upon further increasing pN2/pT ,
the ϵ-TaN or δ-TaN phase fraction increases. If we con-
centrate our interpretation on the XRD peak at around
60 deg, the XRD data suggest that first the δ-TaN phase
fraction increases (until pN2/pT = 62.9%) and than upon
further increasing pN2/pT to 75.3%, the ϵ-TaN phase is
dominating. This interpretation is based on the shift
of this XRD peak (at around 60 deg) towards smaller
diffraction angles for increasing pN2/pT to 62.9% and
than to higher diffraction angles when increasing pN2/pT

to 75.3%. Consequently, the coating prepared at pN2/pT

= 75.3% exhibits nearly a single-phased ϵ-TaN structure.
This coating contains around 45.5 at.% nitrogen, as sug-
gested by EDS.

The deposition rate and target voltage, Vt, as a func-
tion of the N2-to-total pressure ratio is presented in
Fig. 11. The deposition rates of the coatings prepared
by HiPIMS are rather comparable to their DC sputtered
counterparts, in value and dependence on the nitrogen
partial pressure. The voltage is significantly higher as
compared to DC and pulsed DC sputtering. We envi-
sion (and that is content of further investigation) that
the nearly similar deposition rates between DC sputter-
ing and HiPIMS is based on the significantly higher total
pressure of 0.6Pa during HiPIMS as compared to the
0.3Pa during DC sputtering.

However, the similar deposition rates between DC
sputtering and HiPIMS allows comparing the phase for-
mation sequence as a function of nitrogen partial pres-
sure. HiPIMS allows to grow γ-Ta2N dominated films
with lower nitrogen-to-total pressure ratios than DC
sputtering. As the deposition rate for HiPIMS is simi-
lar to that of DC sputtering (for comparable nitrogen-to-
total pressure rations) the higher reactivity of the species

FIG. 11. Deposition rate (blue squares) and target voltage
(red spheres) of HiPIMS Ta-N coatings as a function of the
N2-to-total pressure ratio.

FIG. 12. (a) Hardness and (b) Youngs modulus of Ta-N coat-
ings prepared by HiPIMS as a function of the nitrogen con-
centration within the coatings measured by EDS. The differ-
ent Ta-N phases present in the respective nitrogen regime are
indicated.

prepared by HiPIMS is responsible for this effect and not
a lower deposition rate.

Figures 12a and b represent the nanoindentation hard-
ness and Youngs modulus of the HiPIMS Ta-N coatings
as a function of pN2/pT , respectively. A hardness of
9.6 ± 0.5GPa with a corresponding low Youngs modu-
lus of 245 GPa is observed for metallic Ta films, prepared
with pN2/pT = 0%.

At N2-to-total pressure ratios of 13.4 and 25.7% the
coatings exhibit increased hardness of approximately
37.8 GPa. Similarly, the Youngs modulus increases to
almost 500 GPa. The dominant phases present in these
coatings are γ-Ta2N and δ-TaN. For higher nitrogen con-
tents (up to around 44 at.%) the hardness and Youngs
modulus decreases, due to the developing δ- and ϵ-TaN
phases. The coating prepared with the highest pN2/pT

ratio of 75.3% exhibits a significantly lower hardness and
Youngs modulus than the coating prepared with pN2/pT

= 62.9%, although having a rather similar nitrogen con-
tent of ≈ 45 at.%. This again supports our interpretation
of the XRD results of a dominating δ-TaN structure for
pN2/pT = 62.9% but a dominating ϵ-TaN structure for
pN2/pT = 75.3%, because both coatings exhibit a rather
similar nitrogen content and deposition rate. Hence, the
slightly different film thickness should not play such a sig-
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nificant role to explain this sudden drop in hardness from
H = 26 to 12 GPa, which is also reflected by the drop
in Youngs modulus. But a connected sudden change in
dominating growth structure can explain this behavior.

D. Discussion

Tantalum nitride thin films were deposited on
austenitic substrates by HiPIMS, pulsed DC and DC
sputtering with varying N2-to-total pressure ratios from
0 to 100%, and compared in terms of microstructure
and phase evolution, and mechanical properties. The
comparison of growth rates, provided in Fig. 13, clearly
demonstrates that DC allows for high growth rates of ap-
proximately 175 ± 5 nm/min for pN2/pT = 0%. Pulsed
DC sputtering and HiPIMS lead to Ta growth rates of
80 to 85 nm/min (for pN2/pT = 0%). With the addition
of nitrogen, the growth rates for DC sputtering and HiP-
IMS a rather similar in value and dependence on pN2/pT .
Here, we have to mention, that due to the instability of
the HiPIMS process for pT = 0.3Pa we needed to increase
pT to 0.6Pa, whereas for DC and pulsed DC sputter-
ing the total pressure pT was 0.3 Pa. As often observed,
the pulsed DC sputtering and HiPIMS technique show a
slightly lower decline in deposition rate with increasing
pN2/pT than DC sputtering, Fig. 13.

Within the three investigated sputtering techniques,
HiPIMS is most efficient to introduce nitrogen into the
coatings, Fig. 14. Already for the rather low pN2/pT -
ratio of 13.4% the HiPIMS coatings contain about
38.5 at.% nitrogen, whereas the DC and pulsed DC sput-
tered coatings exhibit only 26.5 at%. For higher pN2/pT -
values, the nitrogen contents are rather similar for the
individually prepared coatings. For pN2/pT -ratios above
approximately 60%, the nitrogen seems to have reached
a steady state concentration of about 45 at.%.

FIG. 13. Deposition rate of Ta-N coatings as a function of the
N2-to-total pressure ratio used during DC sputtering (green
squares), pulsed DC sputtering (red triangles), and HiPIMS
(blue spheres).

FIG. 14. Nitrogen concentration of Ta-N thin films as a func-
tion of the N2-to-total pressure ratio used during DC sput-
tering (green squares), pulsed DC sputtering (red triangles),
and HiPIMS (blue spheres).

Nanoindentation measurements for metallic tantalum
films indicate hardness values in the range of 8 − 10GPa
for all sputtering techniques investigated, see Fig. 15.
Tantalum coatings sputtered in pure argon atmosphere
form a stable cubic α-Ta phase with an (110) growth
orientation, featuring a pronounced open columnar mor-
phology. Minor phase fractions of β-Ta can be detected,
with the smallest intensity for the HiPIMS coatings.

Upon the addition of nitrogen, o-Ta4N and γ-Ta2N
(only γ-Ta2N for HiPIMS Ta-N) phases are formed.
Coatings primarily consisting of γ-Ta2N phases (with
only a small fraction of o-Ta4N for the pulsed DC and
DC sputtered films) outperform all other coatings inves-
tigated in terms of mechanical properties. Their hardness
is about 40 GPa, which is obtained for the DC and pulsed
DC sputtered coatings containing ≈ 26.5 at.% N and the
HiPIMS coatings containing ≈ 38.5 at.% N. The Youngs
moduli of the HiPIMS coatings are significantly higher
(≈ 470GPa) than their DC and pulsed DC sputtered
counterparts. We attribute this to the nearly γ-Ta2N
phase-pure structure of the HiPIMS coating, whereas the
DC and pulsed DC sputtered coatings contain also a mi-
nor phase fraction of o-Ta4N.

A further increase of the N2-to-total pressure ratio to
values beyond 38.1% leads to structural modifications
from primarily Ta-rich to stoichiometric cubic δ-TaN and
hcp ϵ-TaN phases. As a consequence, the hardness and
Youngs moduli decrease. Whereas most of these coatings,
prepared by pulsed DC and DC sputtering or HiPIMS,
exhibit comparable hardness and Youngs moduli (within
the error of measurement), one HiPIMS coating is out
of the general behaviour. This coating is prepared at
the highest N2-to-total pressure ratio of 75.3% possible
during HiPIMS and exhibits the lowest hardness for the
Ta-N coatings with only 14 GPa. Also the corresponding
Youngs modulus is lowest with only ≈ 255 GPa. This
coating is not significantly thinner as the other ones, but
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FIG. 15. (a) Hardness and (b) Youngs modulus of Ta-N coat-
ings as a function of their nitrogen concentration prepared
by DC sputtering (green squares), pulsed DC sputtering (red
triangles), and HiPIMS (blue spheres). The different Ta-N
phases present in the respective nitrogen regime are indicated.

the XRD data suggest that here the ϵ-TaN phase is dom-
inating. As the DC sputtered coating—using a N2-to-
total pressure ratio of 100%—shows a rather high hard-
ness (H ≈ 27 GPa) and Youngs modulus (E ≈ 400GPa)
and their XRD data suggest for a dominating δ-TaN, we
envision that the ratio between ϵ-TaN and δ-TaN phases
dominates the hardness and Youngs modulus of these
Ta-N coatings with nitrogen contents between 40 and
48 at.%.

IV. CONCLUSIONS

Tantalum nitride thin films grown by DC and pulsed
DC sputtering as well as HiPIMS were compared with
each other in terms of microstructure, phase evolution,
resulting mechanical properties and their dependence on
the used nitrogen-to-total pressure ratio (i.e. pN2/pT ).

In pure Argon atmosphere (pN2/pT = 0 %) all coat-
ings (DC and pulsed DC sputtered and HiPIMS) ex-

hibit body-centered cubic α-Ta with small fractions of
tetragonal β-Ta. Increasing pN2/pT to 13.4 % leads to
the formation of hcp γ-Ta2N with a small fraction of
orthorhombic o-Ta4N for DC and pulsed DC sputtered
coatings, exhibiting ≈ 26.5 at.% N. Their HiPIMS coun-
terpart already contains 38.5 at.% N for this nitrogen-to-
total pressure ratio and exhibits a γ-Ta2N dominating
structure. These coatings exhibit the highest hardnesses
with 40.0 ± 3.8GPa (DC), 38.2 ± 4.6GPa (pulsed DC),
and 38.0 ± 2.3GPa (HiPIMS), respectively, among all
coatings investigated. Upon a further increase in pN2/pT

to 25.7%, the DC and pulsed DC sputtered films contain
34.6 and 37.4 at.% N, respectively, and their structure is
now dominated by γ-Ta2N with small fractions of δ-TaN.
Their HiPIMS counterpart also, still contains a domi-
nating γ-Ta2N structure (now, with small fractions of
δ-TaN) and about 38.5 at.% N. The coatings, which ex-
hibit a γ-Ta2N dominated structure, have also the highest
Youngs moduli with around 430, 400 and 500GPa for the
coatings prepared by DC sputtering, pulsed DC sputter-
ing, and HiPIMS, respectively. First indications of ϵ-TaN
phases can be detected for the coatings prepared with
a pN2/pT -ratio of 38.1%. Here, the nitrogen contents
of the DC sputtered, pulsed DC sputtered and HiPIMS
coatings are 38.6, 40.2, and 41.6 at.%. Upon further in-
creasing the pN2/pT -ratio, the nitrogen content within
the coatings does not increase that significantly, and is
between 45 and 48 at.% for pN2/pT ≥ 62.9% (or 75.3%
when using DC sputtering). However, their hardness and
Youngs modulus decreases and XRD data suggest that
this is mainly caused by the increasing phase-fraction of
ϵ-TaN on the expanse of δ-TaN. This is further supported
by the HiPIMS coating prepared with pN2/pT = 75.3 %,
which exhibits a nearly single-phase ϵ-TaN structure and
the lowest hardness (H = 13.6GPa) and Youngs modu-
lus (E = 250 GPa) of all Ta-N coatings developed.

Using a total pressure pT of 0.6Pa during HiPIMS,
which is twice that used during DC and pulsed DC
sputtering, allowed us to obtain nearly the same deposi-
tion rate for HiPIMS and DC sputtered Ta-N coatings.
Thereby we can conclude, that HiPIMS is more effec-
tive to introduce nitrogen into the coatings and to form
nitrides than DC sputtering. Although the sequence of
phases (γ-Ta2N, δ-TaN, ϵ-TaN) is rather similar, their
crystallization is obtained at lower pN2/pT -ratios when
using HiPIMS instead of DC sputtering.
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