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1. Introduction

The properties of thin films can be controlled by various number of parameters during the deposition, such as the
power P of the magnetron discharge, the film thickness h, the substrate temperature Ts, the substrate bias Us, the
substrate ion current density is, the flux of ions v incident on the substrate, the deposition rate ao of the film,
magnetic field arrangement the substrate-to-target distance ds+, the total pressure pr = par + pre Of sputtering gas
mixture, the partial pressure of the argon par and the reactive gas pre, etc.. There is a huge number of papers devoted
to the investigation of the relationships between the deposition parameters of film and its functional properties, for
instance, see Ref. [1 - 20].

The problem with this approach lies in the fact that the correct combination of preselected deposition parameters
necessary to form films with wanted properties is unknown. Therefore different approaches should be used. The
main parameter which really controls the film properties is the energy € and therefore, the correlations between
the properties of the film and the energy are of key importance [21 - 25]. Different combinations of deposition
parameters result in different energy £ delivered to the growing film. It means that at first, correlations between the
film properties and the energy £ should be found and then, based on this knowledge the necessary deposition
parameters which ensure the formation of the films with prescribed properties should be determined.

This thesis investigates the effect of the energy £ on the preferred crystallographic orientation (texture) of grains in
sputtered films, their microstructure, physical and mechanical properties, stoichiometry and their resistance to
cracking in detail. For this investigation, the sputter deposited Ti(Al,V)N and TiNx-1 thin films were selected.

Great attention is devoted also to (i) the control of the structure, microstructure, resistance to cracking and the
macrostress o of film by the energy £ delivered to the film during its growth in the DC and pulsed magnetron
discharges, (ii) the energy £ delivered to the film held at different substrate biases Us, (iii) the energy £ delivered to
the film at different plasma potentials and (iv) the energy € delivered to the film by fast neutrals.

1.1. Energy delivered to growing film

The energy € delivered to the growing film has a crucial effect on its structure, microstructure, elemental and phase
composition, and physical properties [21 - 25]. The energy £ can be delivered by (i) the substrate heating Es, (ii) the
conversion of the kinetic energy of particles &, i.e. by the energy of bombarding ions (Es) and/or fast neutrals (Ef)
incident on the surface of growing film, (iii) the heat evolved during the formation of the compound & (the energy
released in exothermic chemical reactions), (iv) the heating from the sputtered magnetron target Em: which almost
always is not perfectly cooled, and (v) the radiation from the plasma Er.a. The total energy Erdelivered to the growing

film can be expressed by the following formula [26].
Er=En (Ts, ta) + Eo (Us, is, ab, pr, td) + Ecn (Ts, ta) + Emt (Wa, td, dst) + Erad (ta) (1.1)

Where Ts is the substrate temperature, tqis the time of the film deposition, Us is the substrate bias, is is the substrate
ion current density, ap is the deposition rate of film, pr= par+ pre is the total pressure of the sputtering gas mixture,
par and pre are the partial pressures of argon and reactive gas (RG), respectively, Wa= (Ud X 14)/S is the magnetron
target power density, /4, and U4 are the magnetron current and voltage, respectively, S is the whole area of



magnetron target and ds+ is the substrate-to-target distance. The energy delivered to the growing film by incident
particles &, is composed of two terms

Ep= Evi + Em (1.2)

From Fig. 1.1 follows that Em can play a significant role in low pressure sputtering. The energy of fast neutrals Emn
increases with decreasing pr due to prolongation of main-free path A and therefore reduction of collision between
atoms. For the atmosphere with N2 dominating applies [27]:

A= 0.4/pT (1.3)

However in the case of the conventional sputtering process the number of collision increase and En = 0, therefore

Ebi plays the dominant role.
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Figure 1.1 Schematic illustration of two dimensional (2D) Thornton’s SZM showing the evolution of the film microstructure as
functions of conventional heating (Ts/Ty) and atomic scale heating (par, Em) and controlled by the energy Eyi by bombarding ions

at high par or only by the energy Es of fast neutrals at low pressures <0.1 Pa.



This means that in a collision discharge the energy &€, can be expressed in the following form [27, 28]:
&, D/em®] = Ey= Ei(vi/Vca) (1.4)

where &iis the energy of the one ion, viand v is the flux of ions and condensing atoms, respectively.

In a collision plasma discharge the energy £,,; delivered per a volume unit of the deposited film can be expressed in
the following form [27, 28]:

Uy -Ug) X g (1.5)
5bi [J/cm3] = ( : G) I 'Ni,max
D

Where Uy is plasma potential, ap is deposition rate, is is current density and Nimax is a probability of an ion arriving at

the substrate with the maximum energy. For a collision discharge, Njnax can be calculated as Ni,max=exp('L/A).

Where the sheath thickness L was determined by Cthe hild-Langmuir equation for a collisionless sheath [29].

For typical DC magnetron deposition parameters (Us = 500 V, ls = 0.5 A, pr = 1 Pa) applies that the Nimax~ 1,
furthermore the |Us| >> | Up|, therefore the eq. (1.5) can be additionally simplified to

Ug X i (1.6)

ap

5bi [J/Cmg] =

Despite the fact that Eq. (1.6) is very simplified it is very useful. Usability of Eq. (1.6) is further enhanced due to easily
measured values of Us, is and ap.

Control of the energy &, delivered into the film can be principally divided into two categories (i) control of the
momentum of bombarding particles or (ii) control of the fluxes of bombarding particles.

1.1.1. Effect of the momentum of bombarding particles

There are many ways how to control the momentum of bombarding particles. In this section, three principles are
outlined. Increasing the momentum of individual bombarding particles can be achieved by: (i) decreasing the total
pressure, (ii) increasing negative substrate bias and (iii) increasing the plasma potential. The principle of increasing
the particle momentum by decreasing the total pressure is based on the reduction of a number of collisions (see
Eq. (1.3) and Figure 1). In the case of bombarding ions, the negative substrate bias can be used to control the &b, see
Eqg. (1.6).

By increasing the momentum of individual bombarding particles, the properties of sputter deposited film, such as
mechanical, size of grains and their crystallographic orientation, microstructure, macrostress can be controlled.
Example of such control of the microstructure by E, = f(p1) from Ref. [30] can be seen in Fig. 1.2 (a). In Fig. 1.2 (b) the
control of macrostress and microstructure by v = f(Us) can be seen (from Ref. [26, 31]).

10



&6 —TiN

GPa] Tm=3200K
a 4
tension I i -SOV_:LOOV _150V high melting point material
: 2] " TENSION
: y 0.5 1.0 1.5 2.0 2.5
0.9 Wm  Orgisse N ' ' o
P ~ 21 2 | \:200V Evi [MJ/cm’]
[mTorr] 4 ¢ & COMPRESSION
or 1701 67 a-TiN -250V
™~ COMPRESSION -8- Tm=1930K
/& low melting point material
a) b)

Figure 1.2 (a) Structural zone model (SZM) of sputtered metallic films developed by J. A. Thornton. Adapted after Ref. [30] and (b)
Macrostress oin sputtered o - Ti (N) and 6 - TiNy ~ 1 films as a function of energy Epi at pr = par+ pnz2 =5 Pa and Ts = 350 <, i.e. at
To/Tm=0.32 and 0.19 for the a - Ti(N) film and the & - TiNy ~ 1film , respectively. Adapted from Ref. [26, 31].

Additional control of the momentum of bombarding ions can be achieved by control of the plasma potential U, (see
Eq. (1.5)) by using magnetron voltage oscillations, an example of such oscillations see Fig. 1.3. The positive magnetron
voltage during the deposition results in the increment of the plasma potential, and therefore the momentum of
bombarding ions is increased. It is important to emphasize that the magnetron voltage oscillations are not properties
of the plasma itself but rather a consequence of a relationship between properties (induction, capacity, resistance)
of the whole deposition system: (i) power sources, (ii) plasma sources and (iii) plasma. For more detail, investigation
of the magnetron voltage oscillations see Ref. [32 - 37]. The number of high energetic ions (50 — 195 eV) created by
magnetron voltage oscillation is not negligible. From Ref. [36] follows, that the flux of high energetic ions can be up
to 1/3 of the total flux of bombarding ions, see Fig. 1.4.

600
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Figure 1.3 Example of voltage waveforms for synchronous pulsing of graphite and titanium targets at 1 us/ 300 kHz. The positive
overshoots for graphite and titanium are +340 and +320 V, respectively Adapted from Ref. [35].
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Figure 1.4 Flux of the Ar* ions in three energy ranges as well as the sum at different p-DC frequencies (substrate grounded).
Adapted from Ref. [36].

1.1.2. Effect of the fluxes of bombarding particles

The fluxes of the bombarding particles vi and vca (which are difficult to determine) can be represented by is and ap,
which can be easily measured. From this follows that € can be increased by increasing is at constant ao or by
diseasing ap at a constant is. There are many attempts to densify the plasma and therefore increase the ratio is/ao by
increasing is. In this section, three principles are outlined. Increasing the flux of bombarding particles can be achieved
by (i) use of HiPiMS, (ii) addition of hot cathode, (iii) tuning the magnetic field.

Using HiPiMS for plasma creation brings many benefits to the deposition process. One of this benefits is a creation
of denser plasma. This can be seen in Fig. 1.5. Plasma discharge created by HiPiMS using /4a = 50 A at par = 1 Pa results
in plasma electron density of =2 x 10'® m'3, which is = 70 times denser than plasma created using lda = 5 A [38]. For
more information about the benefits of using HiPiMS see for example Ref. [38 - 42]
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Figure 1.5 Time evolution of the electron density n., and ion density n, at average pulse current lsz = 5 and 50 A.
Adapted from Ref. [38].
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Another attempt to increase the plasma density lies in the use of hot cathode. By controlling the filament cathode
current Ip the plasma potential and electron density at low par = 0.3 Pa can be tailored, see Fig. 1.6. From this figure
follows that by increasing the filament cathode current I, from 0 to 50 A the plasma density and plasma potential

increases from 2.6 x 10% to 4.5 x 10 m™ and 3.8 to 5.6 V respectively. For additional information about the use of
hot cathode, see Ref. [43 - 45].

Ppir v
n, 10" m*

Ar, 1250 A

0 10 20 30 40 50

P

Figure 1.6 Plasma potential and density as a function of the filament cathode current |,. Adapted from Ref. [43].

lon flux can be also modified by a magnetic field. Direct measurement of ion current density as a function of the coil
current can be seen in Fig. 1.7. From this figure follows that by introducing the coil current /i = 35 A the ion current
density is significantly increased up to is = 3.4 mA/cm?. For more information about how the magnetic field controls
the properties of plasma discharge and therefore properties of sputter deposited films see Ref. [46 - 50].
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Figure 1.7 lon current density as a function of the coil current. Adapted from Ref. [46].

Very important is also the effect of deposition rate ap, particularly in a reactive magnetron sputtering when the
deposition rate ap decreases with increasing partial pressure of reactive gas prs at the same discharge current /4 of
the magnetron discharge, see Fig. 1.8. This figure shows the evolution of the deposition rate ap of magnetron
sputtered Ti(Fe)Nx films and the energy delivered to them during their growth as a function of partial pressure of

nitrogen pn2 at three values of the magnetron current /4. From this figure, it is clearly seen that in the formation of
the
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Figure 1.8 (a) Deposition rate ap of Ti(Fe)Ny films and (b) energy Epi delivered to them during their growth by bombarding ions as
a function of partial pressure of nitrogen pnz. The films were sputtered using a DC magnetron equipped with a TiFe (90/10 at.%)
alloy target of 100 mm in diameter at (i) g =1 A, is = 0.5 mA/cm?, (ii) 14 =2 A, is =1 mA/cm?, (iii) I4 = 3 A, is = 1 mA/cm?, and U; = -
100V, Ts =300, ds+ = 60 mm and pr = par + pnz = 0.5 Pa. Adapted from Ref. [28].

stoichiometric and over-stoichiometric Ti(Fe)Nx>1 nitride films a greater energy &b is delivered in the films during its
growth compared with that delivered to the sub-stoichiometric Ti(Fe)Nx <1 films; here x = N/(Ti + Fe). It is a very
important fact because the magnitude of the energy Evi decides also on the structure, microstructure of the growing

film and the macrostress o generated in it during its growth. For more information see Ref [28]
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2. Aims of the Ph.D. thesis

The subject of the Ph.D. thesis is the preparation of metal nitride films with multifunctional properties and an
enhanced resistance to cracking by magnetron sputtering and the investigation of the interrelationships between
the deposition parameters, energy £ delivered into the film and the film properties.

The aims of the Ph.D. thesis are the following:

1. To investigate the effect of energy £ delivered into the growing Ti(Al,V)N nitride films on their properties, such
as (i) texture, (ii) microstructure, (iii) mechanical properties, (iv) macrostress and (v) resistance to cracking.

2. To investigate the effect of plasma and floating potential on energy € delivered into the growing film and on
reproducibility of sputter deposited films.

3. To create hard overstoichiometric TiNx-1 dinitride thin films using magnetron sputtering and to determine the
discharge properties under which such films can be sputter deposited.
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Abstract

This letter reports on the effect of the energy &, delivered to the sputtered Ti(Al,V)N film by bombarding ions, on
its microstructure, macrostress ¢, mechanical properties, and resistance to cracking. The films were deposited by
reactive magnetron sputtering. Interrelationships between these parameters were investigated in detail. It was
shown that (1) the increase of the energy Ew makes it possible to convert (i) the film microstructure from columnar
to dense, non-columnar, (ii) the macrostress o from tensile (¢ > 0) to compressive (o < 0), (iii) the brittle hard film
with low ratio H/E" < 0.1 and low elastic recovery We < 60% to the flexible hard film with high ratio H/E" > 0.1 and
high elastic recovery We > 60%, (2) the flexible hard Ti(Al,V)N films with high ratio H/E" > 0.1, high elastic recovery
We > 60% and compressive macrostress can be formed not only in the Transition Zone (Zone T in which the films
exhibit a dense, voids-free microstructure) of the Thornton’s structural zone model (SZM) but also in Zone 1 in which
the films exhibit a columnar microstructure and (3) the line corresponding to the films with zero macrostress (¢ = 0)
in the SZM lies in Zone 1 corresponding to the columnar microstructure; here H is the film hardness and £" = E(1 - 1?)
is the effective Young’s modulus, E is Young’s modulus and vis the Poisson’s ratio.

3.1 Introduction

Recently, the hard nanocomposite films with enhanced hardness and unique properties, for instance, the films with
high-temperature stability and oxidation resistance considerably higher than 1000 °C, high erosion resistance, high
electrical conductivity, high optical transparency, etc. have been developed [1-35]. The detailed investigation of
correlations between the physical and mechanical properties of these films have shown that it is also possible to
create flexible films which are simultaneously hard and resistant to cracking [36-44]. Such films exhibit a high ratio
of the hardness H and the effective Young’s modulus £* (H/E" > 0.1), high elastic recovery We > 60%, compressive
macrostress (¢ < 0) and a dense voids-free microstructure; here E* = E/(1 - 1?), E is Young’s modulus and v is the
Poisson’s ratio [28, 45, 46]. These properties of flexible hard films can be achieved by optimization of the deposition
parameters used in sputtering. In this article, it is demonstrated that these parameters are well controlled by the
energy Evi delivered to the growing film by bombarding ions. It is shown that the Ti(Al,V)N films exhibit (i) a columnar
microstructure and low resistance to cracking when sputtered at low energy Eu and (ii) a dense, voids-free
microstructure and an enhanced resistance to cracking when sputtered at high energy Ebi. In the simplest case of a
collision-less, fully ionized plasma the energy Ebi can be expressed in the following form [28, 45-47]

Ebi [J/Cm3] = (Us - Up) X is/aD ~ Us x is/aD (31)

Eq. (3.1) clearly shows two important facts. The energy Evidelivered to the growing film by bombarding ions (1) can
be easily calculated from measured deposition parameters (Us, is) and the film deposition rate ap = h/t4 calculated
from the measured film thickness h and the deposition time t4 and (2) strongly depends not only on Us and is but also
on ao. The second fact is of extraordinary importance in (i) the reactive sputtering of compounds and (ii) the high-
rate sputtering of films because the energy Evidelivered to the growing film deceases with increasing ap.

The main aim of this letter is to report on results of the detailed investigation of the correlations between the
microstructure, structure, macrostress ¢ and resistance against cracking of the Ti(Al,V)N film sputtered as a function
of the energy &bi delivered to it by bombarding ions during its growth.
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3.2. Experiment

The Ti(AlLV)Nx films were sputter deposited in a mixture of Ar + N2 sputtering gases using a DC dual magnetron with
closed magnetic field equipped with a TiAIV (6 at.% Al, 4 at.% V) alloy target of diameter & = 50 mm. Magnetrons
were tilted to the normal of the substrate surface at the angle of 20°. The films were sputtered on Si(111) and Mo
substrates at the discharge current I = 0.5 A, target power density W = Ig Ud /S =10 W/cm?, substrate temperature
Ts = 500°C, substrate bias Us ranging from 0 to -100 V, substrate-to-target distance ds+ = 60 mm, partial pressure of
nitrogen pn2 = 0.8 Pa and total pressure of sputtering gas pr = par + pn2 = 1 Pa; here Ud is discharge voltage and S is
the area of the target. The Ti(Al,V)Nx films sputtered under these conditions are crystalline and almost stoichiometric
(x=N/(Ti + Al + V) = 1, see Fig. 3.1.

The film thickness h and the macrostress o were measured by a DEKTAK 8 Stylus Profiler, Veeco. The film structure
was characterized by an XRD spectrometer PANalytical X'Pert PRO in the Bragg-Brentano configuration using CuKa
radiation (A = 0.154187 nm). The mechanical properties were determined from load vs. displacement curves
measured by a Fisherscope H 100VP with a Vickers diamond indenter at load L = 20 mN at d/h < 0.1; here d is the
diamond impression in the film at L = 20 mN. The resistance of the Ti(Al,V)N film to cracking was assessed by the
indentation test in which the diamond indenter was impressed in the film at high load L = 1N; for more details see
the paper [46].

3.3. Results and discussion

The interrelationships between the mechanical properties (H, E*, We, H/E") of the Ti(Al,V)N film, its macrostress o,
microstructure, resistance to cracking and the energy Eui delivered to the growing film by bombarding ions were
investigated in detail. These interrelationships are schematically illustrated in Fig. 3.2.
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Figure 3.1 Evolution of XRD patterns of Ti(ALLV)N films with increasing energy Epi delivered to them during their growth by

bombarding ions. Deposition parameters: l4= 0.5 A, T; =500 C, W; = 10 W/cm?, pnz2 = 0.8 Pa, pr = par + pnz = 1 Pa and U ranging
from 0 to -100 V. Physical and mechanical properties of these films are given in Table 3.1.
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Fig. 3.2 displays the evolution of the microstructure, mechanical properties and the TEM cross-sectional images of

the Ti(AL V)N film with increasing energy Ei. Fig. 3.3 displays the evolution of the surface morphology of the Ti(Al,V)N

films after the indentation at high load L = 1 N with increasing energy &bi. Fig. 3.4 shows the transition of the films

with a columnar microstructure to the films with a dense, voids-free microstructure with increasing energy Eui. The

physical and mechanical properties of these films are given in Table 3.1.

Main conclusions which can be drawn from Figs. 3.2 and 3.3 and Table 3.1 are the following

1.

The density of the Ti(Al,V)N film microstructure and the macrostress o both increase with increasing energy
Ebi. The microstructure gradually changes from columnar with voids (Fig. 3.2a) to a dense, voids-free
microstructure without columns (Fig. 3.2d). The increase of the energy Evi results in an increased mobility
of the condensing atoms at the surface of the growing film, the microstructure densification and a transition
from films with a columnar microstructure to films with a dense, voids-free microstructure.

The Ti(AlL V)N films with a columnar microstructure can exhibit not only tensile macrostress (¢ > 0) but also
compressive macrostress (o < 0). The compressive macrostress arises when the columns are in strong
contact.

The Ti(ALV)N films with a columnar microstructure and a weak contact between columns (the low
compressive macrostress || — 0), however, exhibit low resistance to cracking, see the cracks on the photo
in Fig. 3.3b. Responsible for the cracking of this films are: (1) the columnar microstructure, (2) the low ratio
H/E" < 0.1, (3) the low compressive macrostress |o| < 0.5 GPa and (4) the low elastic recovery We ~ 60%, see
Table 3.1.

The Ti(ALV)N films with a dense microstructure (the very densely packed columns (Fig. 3.2c) and the
featureless microstructure without columns corresponding to zone T of Thornton’s Structural zone model
(SZM) [48,49] (Fig. 3.2d)) exhibit enhanced resistance to cracking. These films are characterized by (1) a
dense voids-free microstructure, (2) the high ratio H/E* > 0.1, (3) the high compressive macrostress |o] > 0.5
GPa and (4) the high elastic recovery We > 70%.

The highest energy of 4.9 MJ/cm? cannot be considered as the optimal energy because the Ti(Al,V)N film
sputtered at Ewi = 4.9 MJ/cm? already exhibits too high compressive macrostress ¢ = -5.5 GPa, which may
result in the film delamination from the substrate when the film is too thick. The films with high ratio
H/E" > 0.1, high elastic recovery We > 60%, a dense, voids-free microstructure and a lower compressive
macrostress (o = -2.5 GPa) are good flexible, hard films with enhanced resistance to cracking.
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Figure 3.2 Schematic illustration of the interrelationships between the microstructure, mechanical properties, macrostress o of the
Ti(AlLV)N film, its resistance to cracking and the energy Eu; delivered to the growing film by bombarding ions in the DC reactive
magnetron sputtering. (a) The film No. 1, (b) the film No. 2, (c) the film No. 3 and (d) the film No. 4, see Table 3.1.

a) b) c) d)

Figure 3.3 The evolution of the microstructure, the surface morphology with the diamond indenter impression at load L =1 N and
the macrostress o of the Ti(Al,V)N film with increasing energy Epi. (a) Epi = 0 MJ/cm3, o= 0 GPa, (b) Epi= 0.5 MJ/cm3, o=- 0.4 GPa,
(c) Evi= 1.8 Mi/cm3, o=- 2.5 GPa, (d) Epi = 4.9 Mi/cm3, c=- 5.5 GPa.
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Table 3.1 Physical and mechanical properties of Ti(Al,V)Ny films sputtered by the DC magnetron at Iy = 0.5 A, W = 10 W/cm?, T =
500, ds.t = 60 mm, py2 = 0.8 Pa, pr =1 Pa as a function of the substrate bias Us.

Film Ebi U, is ap h H EY W, H/E* o Microstructure
No. [MJ/cm3] [Vl [mA/cm?] [nm/min] [nm] [GPa] [GPa] [%] [GPa]

1 0 0 0 12.8 1700 25.2 260 64 0.097 =0.0 Columnar with woids
2 0.5 -20 0.7 16.7 2000 24.7 268 62 0.092 -0.4 Columnar with woids
3 1.8 -50 0.9 16.2 2100 32.6 275 76 0.119 -2.5 Columnar, voids-free
4 4.9 -100 1.1 13.7 1400 30.1 240 79 0.125 -55 Dense, voids-free

In Fig. 3.2 Ec denotes the critical energy Evi at which the sputtered films exhibit zero macrostress (o = 0). The critical
energy E: depends on the elemental composition of the film and the ratio Ts/Tm; here Ts is the substrate temperature
and Tm is the melting temperature of the film’s material [28, 45]. The films sputtered at low energies (Evi < Ec) exhibit
tensile stress (c > 0) and the films sputtered at high energies (Evi > &) exhibit compressive stress (o < 0). Our
experiments show that the line o = f (par) corresponding to the films with zero macrostress (6 = 0) in the Thornton'’s
Structural Zone Model SZM [48, 49] lies in Zone 1, see the red curve in Fig. 3.4.
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Figure 3.4 Schematic illustration of two dimensional (2D) Thornton’s structural zone model (SZM) showing that the line
corresponding to the films with zero macrostress (o= 0) lies in zone 1. £z, and Eyi denote the energy delivered to the growing film

by fast neutral particles, i.e. by bombarding and condensing fast atoms, and bombarding ions, respectively.
It means that the films with a columnar structure can exhibit also compressive stress (o < 0). In the case when the

value of the compressive macrostress (o < 0) is low the film with a columnar microstructure easily cracks. This fact
was confirmed also in the paper of Y.T.Pei et al [50] in which the cracking of the TiC/a-C:H films with a columnar
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microstructure sputtered at a quite high negative substrate bias Us = -100 V is reported. In the case when the value
of the compressive macrostress is sufficiently high the films with a columnar microstructure exhibit strongly
enhanced resistance to cracking. The blue straight line in Fig. 3.4 shows the evolution of the film microstructure from
columnar to dense, voids-free with increasing ion bombardment (Ebi) at constant values of Ar pressure parand Ts/Tm
ratio.

34. Conclusions

In summary we can conclude that (1) The flexible hard Ti(Al,V)N films with enhanced resistance to cracking can be
formed when the energy Eui delivered to them during their growth is greater than the critical energy &, (2) The
critical energy Ec depends on the elemental composition of the film and the ratio Ts/Tm, (3) The flexible hard Ti(Al,V)N
films exhibit high ratio H/E" > 0.1, high elastic recovery We >70%, compressive macrostress (c < 0) and dense, voids-
free microstructure, (4) The flexible hard films with columnar voids-free microstructure can be also formed when
these films exhibit the compressive macrostress (o < 0), (5) The formation of flexible hard Ti(Al,V)N films can be
efficiently controlled by the energy Evi delivered to them during their growth by bombarding ions and (6) The line
o = f(p) corresponding to the films with zero macrostress (o = 0) lies in Zone 1 of the Thornton’s SZM in which films
with columnar microstructure are created. All these conclusions are of general validity and were confirmed already
in nine different material coating systems [36-44]. Obtained results deepen the present state of the knowledge in
the field and represent a huge application potential.
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Abstract

The article reports on the effect of the energy £ delivered to the growing film by bombarding ions Evi and/or fast
neutrals Em on its physical (structure, microstructure) and mechanical properties, and resistance to cracking. The
effect of the energy € = Ebi + Ei on the film properties is demonstrated on the Ti(Al,V)Nx films deposited by reactive
magnetron sputtering. The films were sputtered on Si(111) and Mo substrates in a mixture Ar+N: gases by a dual
magnetron with closed magnetic field and equipped with TiAIV (6 at.% Al, 4 at.% V) alloy targets. It was shown that
(1) The energy € = Evi + Em is a key parameter controlling the physical and mechanical properties, and the resistance
of cracking of sputtered Ti(Al,V)Nx films, (2) The structure of Ti(Al,V)Nx films varies from TiN(200) to TiN(220) with
increasing energy &, (3) The Ti(Al,V)Nx films with high ratio H/E" > 0.1, high elastic recovery We > 60% and dense
voids-free microstructure exhibit an enhanced resistance to cracking and can be produced only in the case when a
sufficient energy £ is delivered to the growing film either by bombarding ions Evi or by bombarding fast neutrals En
and (4) The energy Emnmakes it possible to sputter crystalline films on dielectric substrates held on a floating potential
Us= Us.

4.1. Introduction

It is well known that properties of thin films are determined by their elemental and phase composition (crystalline
phase, an amorphous phase or a mixture of crystalline and amorphous phase), structure (size of grains and their
crystallographic orientation), and microstructure (porous/columnar, dense/voids-free). Up to now, the properties of
the thin film are controlled by different deposition parameters, such as the power P of the magnetron discharge, the
film thickness h, the substrate temperature Ts, the substrate bias Us, the substrate ion current density is, the flux of
ions viincident on the substrate, the deposition rate ap of film, the substrate-to-target distance ds.t, the total pressure
pT = par + pra Of sputtering gas mixture, the partial pressure of the argon par and the reactive gas prg, etc., used in its
formation. There are a huge number of papers devoted to the investigation of the relationships between the
deposition parameters of the film and its structure, microstructure, phase, and elemental composition, macrostress,
physical and functional properties, for instance, see Ref. [1-23]. A set (combination) of many deposition parameters
must be always selected in sputtering of the film. The problem in this approach is the fact that a correct combination
of the deposition parameters necessary to form the film with prescribed properties is unknown. Different
combinations of deposition parameters result in different energy £ delivered to the growing film what is difficult to
predict. It means that the main parameter which really controls the film properties is the energy £ and thereby the
correlations between the properties of the film and the energy £ are of a key importance [24-39]. Therefore, an
opposite approach in the development of new films should be used. At first, correlations between the film properties
and the energy £ should be found. Then, based on this knowledge the necessary deposition parameters which ensure
the formation of the films with prescribed properties should be determined.

In the simplest case of a collision-less, fully ionized plasma the energy Evi can be expressed in the following form
[29, 39]

Eoi [J/ecm3] = (Up— Us ) x is/ap at Up > Us (4.1)

Here, Uy is the plasma potential, Us is the substrate bias, is is the substrate ion current density and anis the deposition
rate of film. Under the assumption that | Up | << | Us|, which is well fulfilled in many experiments, Eq. (4.1) can be
simplified in the following simple form
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Soi [I)/em3] ~| Ud x is/ap (4.2)

Eq. (4.2) clearly shows two important facts. The energy Ebi delivered to the growing film by bombarding ions (1) can
be easily calculated from the measured deposition parameters (Us, is) and the film deposition rate ao = h/tq calculated
from the measured film thickness h and the deposition time t4 and (2) strongly depends not only on Us and is but also
on apo. The second fact is of an extraordinary importance in (i) the reactive sputtering of compounds and (ii) the high-
rate sputtering of the film because the energy Evi delivered to the growing film deceases with increasing ap.

This article investigates the effect of the energy £ delivered to the growing Ti(Al,V)Nx film on its preferred
crystallographic orientation (texture) of grains, microstructure, physical and mechanical properties, and resistance
to cracking in detail. A great attention is devoted also to (i) the control of the structure and microstructure of film by
the energy £ delivered to the film during its growth in the DC and pulsed magnetron discharges, (ii) the energy £
delivered to the film held at different substrate biases Us and (iii) the energy £ delivered to the film by fast neutrals.

4.2. Experimental

The Ti(Al,V)Nx thin films were sputter deposited in a mixture of Ar + N2 sputtering gases using a dual magnetron with
closed magnetic field equipped with TIAIV (6 at.% Al, 4 at.% V) alloy targets of diameter & = 50 mm. The targets were
attached to the cathode bodies of the dual magnetron using pure Ti fixing rings. The magnetrons were supplied by
an Advanced Energy Pinnacle Plus+ 5/5kW power supply operated either in DC or pulse mode. The magnetrons were
tilted to the vertical axis at the angle 20°; for more details see Ref. [40]. The Ti(Al,V)Nx films were deposited on Si(111)
and Mo substrates at low power density W: = I4 x Uq /S < 20 W/cm?. The Si plates 20 x 20 x 0.52 mm?3 were used for
the X-ray diffraction and the Si strips 30 x 5 x 0.64 mm? were used for the measurement of the film macrostress. The
Mo substrates (80 x 15 x 0.20 mm?) were used for the assessment of the film resistance to cracking in bending. A
pre-deposition etching of the substrates was performed in the pulsed discharge (burning between the substrate and
the shutter) at the voltage Uet = 400 V, current /et = 0.5 A, repetition frequency fer = 100 kHz, T = 0.5, substrate
temperature Ts = 500°C and substrate-to-target distance ds.t = 60 mm in argon at pressure par = 1 Pa for 5 min; the
index “et” denotes the ion etching. A pre-deposition cleaning of the magnetron targets was performed in DC mode
of sputtering with a closed target at the magnetron voltage Us = 400 V and current /¢ = 0.5 A, target power density
Wa =10 W/cm? in argon at pressure par = 1 Pa for 3 min. The film thickness h was measured by a stylus profilometer
DEKTAK 8. The macrostress o was evaluated from the bending of Si plate using the Stoney’s formula [41]. The film
structure was characterized using an XRD diffractometer PANalytical X Pert PRO in the Bragg-Brentano configuration
with CuKa radiation. The elemental composition of the Ti(Al,V)Nx films on the Si substrate was analyzed in a scanning
electron microscope (SU-70, Hitachi) operated at a primary electron energy of 15 keV using energy dispersive
spectroscopy (EDS, UltraDry, Thermo Scientific) and wave dispersive spectroscopy (WDS, Magnaray, Thermo
Scientific). Pure metal standards were used for the determination of Ti, Al and V concentrations. The nitrogen
concentration was calculated from a difference between the results obtained by the WDS and the EDS measurements
using a ZrN standard. This approach was chosen due to the strong overlapping of titanium and nitrogen X-Ray peaks.
Mechanical properties of sputtered films were determined from load vs. displacement curves measured by a
microhardness tester Fisherscope H100 with Vickers diamond indenter at a load 20 mN. The resistance of the
Ti(AlLV)Nx films to cracking was determined using the indentation test at high loads L ranging from 0.25 to 1 N
determining the critical load Lcr when cracks in the film occur and by the bending test. The Mo strip coated with the
sputtered film was bent around a fixed cylinder of different radius r. By decreasing the radius r a strain induced in
the film was increased. The critical strain &« at which cracks in the film occur was measured. The critical strain . was
calculated from the following formula [39]
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Ecr hMo/zr (43)

Here, hmo is the thickness of Mo strip.

4.3. Results and discussion

In this article presents the results of a detailed investigation of the effect of the energy £ = &Evi + Em on the preferred
crystallographic orientation, mechanical properties and resistance to cracking of sputtered films. The energy Ebi
delivered into a growing film by bombarding ions in the simplest form of fully ionized collisionless plasma can be
calculated from Eq. (4.2). All necessary quantities - the substrate bias Us, the substrate ion current density is and the
film deposition rate ap - can be measured and the energy &b delivered to the sputtered films can be easily
determined. However, the same value of the energy Evi can be obtained either at high values of Us and low values of
is or at low values of Us and high values of is and in both cases at the same value of ap. Therefore, different
combinations of Us, is and ap result in different growth and properties of the sputtered films. The energy Em delivered
to the film by fast neutrals can be tuned by the total sputtering gas pressure pr. The energy Em increases with
decreasing pr due to prolongation of the main-free path A and reduction of En in collisions. Therefore, a lower energy
Em is delivered into the growing film at a higher pressure pt compared with that delivered at a lower pressure pr.

4.3.1 Energy delivered by bombarding ions

4.3.1.1 Energy &Ei controlled by the substrate bias Us

The evolution of the structure and mechanical properties of the Ti(Al,V)Nx film sputtered in DC magnetron discharge
with increasing energy Ebi, delivered to growing film by bombarding ions, and controlled by the substrate bias Us are
displayed in Figs. 4.1 and 4.2. From Fig. 4.1 it is seen that the preferred crystallographic orientation of the Ti(Al,V)Nx
films strongly depends on the value of the energy Ebi. The Ti(Al,V)Nx films with the dominant TiN(200) reflection are
sputtered at low values of energy Eni < 1.1 MJ/cm?3. The intensity of the TiN(200) reflection decreases with increasing
Evi. The dominant TiN(220) reflection occurs at Ew = 1.6 MJ/cm3 and coexists with the TiN(200) reflection. The
TiN(200) reflection is almost fully converted to TiN(111) and TiN(220) reflections approximately at Evi = 2.4 MJ/cm3.
The Ti(AlLV)Nx films sputtered at higher energies Ebi > 2.4 MJ/cm? are composed of TiN(220) and TiN(111) grains.

The stoichiometry x = N/(Ti+Al+V) of the Ti(Al,V)Nx film increases with increasing energy Epi from x = 1.04 at £ = 0.1
MJ/cm3 to x = 1.17 at Ebi = 4.8 MJ/cm?, see Fig. 4.1 and Table 4.1, where also its main physical and mechanical
properties are given. From Table 1 it is seen that while the substrate ion current density is increases, the deposition
rate ap of the film decreases with increasing negative substrate bias Us. It is the reason why the energy Ebi increases
with increasing negative substrate bias Us. The hardness H increases with increasing Evi from 22 GPa at & = 0.1
MJ/cm3to 32 GPa at Ei = 1.9 MJ/cm3 and then slightly decreases to 30 GPa at Ebi = 4.8 MJ/cm3. The effective Young’s
modulus E” also increases with increasing Evi from 262 GPa at &b = 0.1 MJ/cm? to 275 GPa at &b = 1.9 MJ/cm? but
then, compared with the hardness H, more strongly decreases to 240 GPa at Evi = 4.8 MJ/cm3. The Ti(Al,V)Nx films
sputtered at b > 1.7 MJ/cm? exhibit a high ratio H/E* > 0.1 and a high elastic recovery We > 70% and thereby also
an enhanced resistance to cracking; for more details see Refs. [42 - 50].
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Figure 4.1 XRD patterns from Ti(Al,V)Ny films DC sputtered on Si(111) substrate at I = 0.5 A, W; = 10 W/cm?, T, = 500 <,
ds-+ =60 mm, pr=pa-+pnz2=0.2 +0.8 =1 Pa as a function Ep; as a function of negative substrate bias Us.

The evolution of the mechanical properties of the Ti(Al,V)Nx film sputtered in DC magnetron discharge with increasing

energy Eviis displayed in Fig. 4.2 and Table 4.1, and the following issues can be drawn:

The energy Evi delivered to the growing film increases with increasing negative substrate bias Us at constant
values of (i) the low discharge current /s = 0.5 A and (ii) the high partial pressure of nitrogen pn2 = 0.8 Pa.
The Ti(Al,V)Nx films sputtered at low energies Evi < 1.7 MJ/cm? exhibit low ratio H/E" < 0.1, low elastic
recovery We < 60% and a strong TiN(200) texture. These films sputtered at low substrate biases lud <50V
are brittle and easily crack.

The Ti(ALV)Nx films sputtered at high substrate biases lu/ > 50 V and therefore high energies
Evi > 1.7 MJ/cm?3 exhibit high ratio H/E" > 0.1, high elastic recovery We > 60% and no TiN(200) texture. These
films exhibit an enhanced resistance to cracking.

The Ti(Al,V)Ny films sputtered at the highest energies Ewi = 3.7 MJ/cm? exhibit the highest resistance to
cracking.

The absence or small amount of the TiN(200) grains in Ti(Al,V)Nx film can be used as an indicator that the
Ti(AlLV)Nx film with enhanced mechanical properties is formed.

The compressive macrostress (o < 0) generated in sputtered Ti(Al,V)Nx films strongly increases with
increasing substrate bias Us up to -5.5 GPa at Us = -100 V.
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The high compressive macrostress o in the sputtered Ti(Al,V)Nx film strongly decreases its adhesion to the substrate
and very often the film delaminates from it. Therefore, it is needed to deliver in the growing film the energy Ebi
necessary to form flexible hard films with enhanced resistance to cracking at lower negative substrate biases Us.
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Figure 4.2 The evolution of (a) hardness H, effective Young’s modulus E* and TiN texture and (b) elastic recovery W, H/E" ratio,
critical strain & to failure and TiN texture of the sputtered Ti(Al,V)Ny films as a function of the energy Epi as a function of negative
substrate bias Us.

Table 4.1 Physical and mechanical properties of Ti(AlLV)Nx films sputtered by DC dual magnetron at Iz = 0.5 A,
Wi = Uy x 14/S = 10 W/em?, T; = 500 C, ds.c = 60 mm and pr = par + pnz2 = 0.2 + 0.8 = 1 Pa on Si (111) controlled by the substrate bias
Us; here x = N/(Ti + Al +V) is the film stoichiometry and S is the area of the sputtered target.

Cracks in

bending indent.

Us is Eui x h ap H E" W. H/E o Eo Ly
V] [mA/cm?]  [MJ/cm?] [nm] [nm/min]  [GPa] [GPa] (%] [GPa] [%] [N]
-11 0.24 0.1 1.04 2200 18.3 22 262 58 0.08 -0.4 1.0 0.25
-20 0.74 0.5 1.04 2000 16.7 25 268 62 0.09 -0.4 1.0 0.25
-30 0.93 1.1 0.99 1900 14.6 27 275 66 0.10 -1.0 1.3 0.25
-40 0.96 1.6 1.03 2000 14.3 26 269 67 0.10 -2.4 1.3 0.25
-50 0.91 1.9 1.07 1900 14.6 32 275 76 0.12 -3.1 2.0 >1
-60 0.96 2.4 1.05 2000 14.3 30 273 73 0.11 -1.5 2.0 >1
-70 1.01 3.2 1.11 1600 13.3 32 259 79 0.12 -2.9 2.0 >1
-80 1.04 3.7 1.15 1600 13.3 30 249 78 0.12 -1.9 >2.0 >1
-90 1.07 4.2 1.10 1500 13.6 31 243 81 0.13 -4.0 >2.0 >1
-100 1.10 4.8 1.17 1400 13.7 30 240 78 0.12 -5.5 >2.0 >1
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4.3.1.2 Energy & controlled by the substrate ion current density is

In this section properties of the Ti(Al,V)Nx films sputtered at a low substrate bias Us = -40 V in a DC and pulsed
magnetron discharges are reported. The evolution of the structure and mechanical properties of the Ti(Al,V)Nx film
with increasing energy Evi, delivered to the growing film by bombarding ions and controlled by the substrate ion
current density is are displayed in Figs. 4.3 and 4.4, respectively. The substrate ion current density /s extracted to the
substrate from the DC magnetron discharge was increased by increasing the discharge current /a4, i.e. by
intensification of the magnetron discharge, what results in the creation of a dense plasma. Higher values of the
substrate ion current /s at Us =-40 V can be extracted from a dense plasma only. However, the increase of the current
l4 also results in the increase of the film deposition rate ap and thereby also in the simultaneous decrease of the
energy &Epi delivered to the film during its growth by bombarding ions, see Table 4.2.
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Figure 4.3 XRD patterns from Ti(Al,V)Ny films on the Si(111) substrate sputtered at T; = 500 C, ds.: =60 mm, pr =1 Pa, py2 = 0.8 Pa
using (i) DC deposition at W, < 16.5 W/cm?, Us =-40V, (ii) pulse deposition at f, = 100 kHz, t = 0.5, W, = 16.3 W/cm?, Us; =-20V as a
function Ep; controlled by substrate ion current density.

In order to increase the ion current density is the DC magnetron discharge was replaced by the pulsed bipolar dual
magnetron discharge. A higher value of the ion current density is was extracted from denser plasma at low substrate
biases Us <| 20 V| . At low substrate biases Us <| 20 V| the plasma potential Up increased to + 23 V due to the positive
value of the magnetron voltage during the pulse-off time. The positive plasma potential of + 23 V and the negative
substrate bias of — 20 V results in the sheath potential Ush = |43 V|, from which the energy Ebi is calculated from

34



Eq. (4.1). From denser plasma higher ion currents /s to the substrate were extracted and higher ion current density

is > 1.7 mA/cm? were achieved. Therefore, the Ti(Al,V)Nx films deposited in the pulsed discharge generated by the
pulsed bipolar dual magnetron exhibit high ratio H/E" > 0.12, high elastic recovery We > 73% and are characterized
by a strong TiN(220) texture, see Fig. 4.3. These films are slightly over-stoichiometric and its stoichiometry
x = N/(Ti+Al+V) ranges from 1.00 to 1.09, see Table 4.2. The evolution of the mechanical properties of these films
with increasing energy Ebi is displayed in Fig. 4.4.

From Figs. 4.3 and 4.4 and Table 4.2 the following issues can be drawn:

The energy &ui delivered to the growing film prepared in the DC magnetron discharge decreases with
increasing discharge current 4 due to increasing of the film deposition rate apand decreasing the energy Ebi.
All films are formed at low energy &v < 1.7 Ml/cm3. They are polycrystalline, almost stoichiometric
(x = N/(Ti+Al+V) =~ 1) and exhibit strong TiN(200) texture and columnar microstructure which is responsible
for a low resistance to cracking despite quite a high ratio H/E" ~ 0.1 and high elastic recovery We > 60%.

Al Ti(AlV)Nxfilms prepared in the pulsed bipolar dual magnetron discharge are deposited at high ion current
density is > 1.7 mA/cm?. They are also polycrystalline and almost stoichiometric (x = N/(Ti+Al+V) = 1) but
exhibit no TiN(200) texture, high ratio H/E" = 0.12, high elastic recovery We > 60%, and no TiN(200)
reflection. These films exhibit an enhanced resistance to cracking in the indentation test (Lsr 2 1 N) but a
lower resistance to cracking in the bending test.

This experiment also confirms the conclusion already given in the section 4.3.1.1 that the polycrystalline
Ti(AlV)Nx films with the TiN(200) are brittle, i.e. they exhibit a low resistance to cracking, on the contrary,
the films with TiN(220) texture are strong and tough and exhibit the enhanced resistance to cracking.

The thick (1000 to 2000 nm) Ti(Al,V)Nx films sputtered at low negative substrate biases | Us| < 50 V and
energies Epiranging from 1.6 to 2.2 MJ/cm? exhibit low compressive macrostresses (| ol <2 GPa).
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Figure 4.4 H/E" ratio, elastic recovery We, and critical strain & in Ti(Al,V)Ny films reactively sputtered on Si(111) and Mo substrate
in (i) the DC discharge at W; ranging from 11.4 to 16.5 W/cm?, Us = -40V, and (ii) the pulsed bipolar dual magnetron discharge at
W;=16.3 W/cm?, Us=-15and -20 V, f, = 100 kHz, and T; =500 °C, ds.+ =60 mm, pr = par + pn2 = 0.2 + 0.8 = 1 Pa as a function Ep; as
a function substrate ion current density is.
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Table 4.2 Physical and mechanical properties of Ti(Al,V)N, films sputtered on the Si(111) and Mo substrates at ds_1 = 60 mm,
Ts =500 <€, pr = par + pnz2 = 0.2+ 0.8 =1 Pa by (i) DC dual magnetron discharge at Us = -40 V, U, = + 3V, (ii) pulsed bipolar dual
magnetron discharge at f, = 100 kHz, T = 0.5, l4o = 1.6V, U, = + 23 V. The substrate ion current density is was controlled by the
discharge current 4.

Cracksin

DC dual magnetron deposition bending  indenataion
la Wy is Ew x h ap H E° WeH/E o & Lo
[A] W/em?]  [mA/em?]  [MJ/cm’] [nm] [nm/min]  [GPa] = [GPa]  [%] [GPa] (9] [N]

055 114 107 16 1.03 1900 15.8 290 272 71 0.11 -1.8 2.0 0.25
0.60 126 1.15 1.6 1.09 2000 17.5 281 274 70 0.10 -1.4 2.0 0.25
065 138 124 16 1.02 2100 19.1 26.7 272 67 0.10 -1.3 2.0 0.25
0.70 15.2 131 15 1.05 2200 21.6 269 278 67 0.10 -1.4 2.0 0.25
0.75 165 140 14 1.05 2200 234 299 283 71 0.11 -1.8 2.0 0.25

Pulsed dual bipolar magnetron deposition

Us W is Ebi X h ap H E" W. H/E" © Ecr Ler
V1 W/em’]  [mA/em’] | [MJ/em’] [nm]  [m/min]  [GPa] | [GPa]  [%] [GPal %] IN]
-15  16.3 1.7 20 1.09 1.0 20.0 240 190 74 0.13 -1.7 20 1
-20 16.3 1.8 22 103 13 21.7 243 194 73 0.13 -14 20 >1
-20 16.3 1.8 22 100 25 21.7 285 235 74 0.12 -14 20 >1

4.3.2 Energy & delivered by fast neutrals and controlled by the total sputtering
gas pressure pr

The energy € delivered to the growing film can be delivered not only by bombarding ions (Ebi) but also by bombarding
fast neutrals (Emn) at low sputtering gas pressures pr = par + pn2 < 1 Pa. This fact is demonstrated by sputtering of the
Ti(ALV)Nx films held at the floating potential (Us = Un) as a function of the total sputtering gas pressure pr. The
Ti(ALV)Nx films were sputtered by pulsed dual magnetron operated in a bipolar mode at the repetition frequency of
pulses fr =200 kHz, t= 0.5, lgp= 1.2 A, Uda = 220V, Us = Un, Ts= 500°C, ds.t =60 mm, pn2/pr = 0.8. As the substrates are
held at the floating potential Us = Un both the substrate ion current density is and the energy Evi are very low, almost
zero. It means that in this case the energy £ is delivered to the growing film is delivered mainly by fast neutrals (E),
i.e. £ ~ Em. The energy of fast neutrals Emn increases with decreasing pr due to the prolongation of the mean free
path A between particles and therefore a reduction of collisions between atoms. It means that a lower energy & is
delivered to the growing film at higher pressures pr compared with Emn delivered to it at lower pressures pr. The
evolution of the structure of the Ti(Al,V)Nx films sputtered under these conditions is displayed in Fig. 4.5. These films
are crystalline and slightly over-stoichiometric (x = N/(Ti + Al + V) = from 1.06 to 1.25. Physical and mechanical
properties of sputtered Ti(Al,V)Nx films are summarized in Table 4.3.
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Figure 4.5 Evolution of XRD patterns from Ti(Al,V)Ny film sputtered by pulsed bipolar dual magnetron on Si(111) substrate at
fr=200kHz, Ig=1.2 A, Wy ~13 W/cm?, Us = Ug, Ts = 500 T, ds+ = 60 mm with decreasing total sputtering gas pressure pr.

Table 4.3 Physical and mechanical properties of Ti(Al,V)Ny films sputtered by pulsed bipolar dual magnetron at f. = 200 kHz,
lg=1.2 A, Wi =13 W/cm?, Us = Ug, T = 500 C, ds.c = 60 mm, pn, = 0.8 Pa on Si(111) and Mo substrate controlled by the magnetron
sputtering gas pressure pr = par + Pnz; We = Uqg X 14/S; S is the area of sputtered target and x = N/(Ti + Al +V) is the film stoichiometry.

Cracks in
bending indentation
pr h x ap H E’ w. H/E® c Ecr L
[Pa] [nm] [nm/min]  [GPa] [GPa] [%] [GPa] [%] [N]
0.40 800 6.7 21.8 173 75 0.13 -2.0 >2.0 0.5
0.45 1100 1.23 7.3 31.0 225 82 0.14 -2.2 2.0 05"
0.50 1300 1.24 8.3 25.5 209 76 0.12 -1.7 2.0 >1
0.55 1400 1.25 8.7 25.4 214 75 0.12 -1.9 2.0 >1
0.60 1800 1.17 12.0 27.6 238 75 0.12 -1.4 2.0 >1
0.70 1600 1.11 11.4 24.9 245 70 0.10 -1.3 1.3 >1
0.80 2000 1.06 15.3 18.1 179 63 0.10 -0.7 1.0 0.25
0.90 1800 1.10 15.0 23.2 237 68 0.10 -0.6 1.0 0.25
1.00 1900 1.10 15.8 23.8 240 68 0.10 -0.6 1.3 0.25

“The indentation load L is low due to delamination of the film from the substrate not due to the film cracking
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This experiment demonstrate the indirect but clear effect of the energy Em on the physical and mechanical properties
of Ti(Al,V)Nx films sputtered at low (0.4 Pa) and high (1 Pa) total sputtering gas pressure pr and partial pressure of
nitrogen pn2 = 0.8 pr on substrate held at floating potential (Us = Un). From Fig. 4.5 and Table 4.3 the following issues
can be drawn:

e The structure of Ti(Al,V)Nx films varies from the dominant TiN(200) to the dominant TiN(220) texture with
decreasing total sputtering gas pressure pr. It is indirect evidence that the energy Em increases with
decreasing pr as expected.

e The ratio H/E", elastic recovery We and compressive macrostress (o < 0) increase with decreasing pr. Also,
these facts indicate that the energy & increases with decreasing pr.

e The Ti(Al,V)Nx films are over-stoichiometric (x = [N/(Ti+Al+V)] > 1) films and their stoichiometry x increases
with decreasing pr probably due to the domination of nitrogen N absorption on the film surface over its
resputtering from the film surface when the film deposition rate ap decreases with decreasing pr.

e The microstructure of the Ti(Al,V)Nx films converts from columnar to dense, voids-free non-columnar
microstructure with decreasing pr, see Fig. 4.6.

e The resistance of Ti(Al,V)Nx films against cracking improves with decreasing pr, see Table 4.3.

e All these findings show that the energy & can fully substitute the energy &b in the formation of flexible
hard coatings. This fact opens a new way to form flexible hard nanocrystalline films on electrically insulating
substrates.
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Figure 4.6 SEM images of the microstructure of Ti(Al,V)Ny film sputtered by pulsed bipolar dual magnetron on Si(111) substrate at
fr=200kHz, Ig=1.2 A, Wy ~13 W/cm?, Us = Ug, Ts = 500 %C, ds+ = 60 mm, pn2 = 0.8 Pa and (a) pr=1 Pa and (b) pr = 0.4 Pa.

In summary, it can be concluded that the microstructure of the films deposited on the substrate held at the floating
potential Us = Un can be densified by the bombardment the fast neutrals when the film is sputtered at low values of
the sputtering gas pressures pr < 0.7 Pa. Moreover, it is possible to sputter defect-free electrically insulating films
because there is no accumulation of a charge on the surface of the growing film. These are the main advantages of
the sputtering of the films held at the floating potential Us = Un at low sputtering gas pressures (pr < 0.7 Pa).

4.3.3 Interrelationships between energies Eyi and &, preferred crystallographic
orientation and resistance to cracking of Ti(Al,V)Nx films

Main results of our investigation are summarized in Fig. 4.7. This figure clearly illustrates main interrelationships
between the & controlled by ion bombardment (Us, is) and the energy of fast neutrals Emn controlled by the total
pressure of sputtering gas pr, the preferred orientation and the resistance to cracking of the Ti(Al,V)Nx film. The low
and enhanced resistance to cracking is characterized by the diamond indenter load Lcr at which the tested film cracks,
see Fig. 4.8. In Fig. 4.8 the morphology of two Ti(Al,V)N films after loading by the diamond indenter at the same high
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load L = 1 N are compared: (a) the brittle hard Ti(AlL,V)N film with low H/E" = 0.9, low We = 58% sputtered at low
energy Ebi = 0.5 MJ/cm? and (b) the flexible hard Ti(Al, V)N film with high H/E" = 0.12, high W.=78% sputtered at high
energy Ebi = 4.8 MJ/cm?3. This figure clearly shows that while the brittle hard film sputtered at low energy cracks, the
flexible hard film exhibit no cracks under the same load L = 1N.

ENERGY
g, < 1.7 MJfem’ g, > 1.7 MJfem’
or or
low £ atp,>0.7Pa | high € atp,<0.7 Pa

MICROSTRUCTURE
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Figure 4.7 Schematic illustration of interrelationships between the energy Ev and Egm, and the structure, microstructure and
resistance to cracking of the Ti(Al,V)Ny film.

Three main issues following from Fig. 4.7 are:

e The Ti(AlV)Nx films sputtered at low energies Ei < 1.7 MJ/cm? or under low bombardment by fast neutrals
Em at high sputtering gas pressures pr > 0.7 Pa containing TiN(200) grains exhibit columnar microstructure
and low resistance to cracking.

e The Ti(Al,V)Nx films sputtered at high energies Evi > 1.7 MJ/cm? or under high bombardment by fast neutrals
Em at low sputtering gas pressures pr < 0.7 Pa containing no or low amount of TiN(200) grains exhibit dense,
voids-free non-columnar microstructure and enhanced resistance to cracking.

e The energy Eni delivered to the growing film can be fully substituted by the energy of fast neutrals Em in the

formation of the film with the same properties.
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RESISTANCE TO CRACKING

low enhanced

Figure 4.8. Comparison of the surface morphology of (a) brittle hard Ti(Al,V)Ny films sputtered at low energy Epi = 0.5 MJ/cm3
exhibit stoichiometry x = 1.04 and (b) flexible hard Ti(Al,V)Ny film sputtered at high energy Epi = 4.8 MJ/cm? exhibit stoichiometry

x=1.17.

4.4. Conclusions

The article reports on a detailed investigation of the interrelationships between the energy Evi and Em delivered to

the Ti(Al,V)Nx film by bombarding ions and fast neutrals, respectively, and its structure, microstructure, mechanical

properties, and resistance to cracking. Main issues of this study can be summarized as follows:

The texture of Ti(Al,V)Nxfilm varies from TiN(200) to TiN(220) with increasing energy Ebi or Em.

The Ti(AlLV)Nxfilms sputtered at low energies Evi < 1.7 MJ/cm? and high sputtering gas pressures pr> 0.7 Pa
are characterized by the TiN(200) reflection and low resistance to cracking. On the other hand, the Ti(Al,V)Nx
films sputtered at high energies Evi > 1.7 MJ/cm? and low pressures pr < 0.7 Pa exhibit no TiN(200) reflection
but an enhanced resistance to cracking. It indicates that the absence of the TiN (200) reflection in XRD
pattern can be used as an indicator that the Ti(Al,V)Nx film with enhanced resistance to cracking is formed.
The Ti(Al, V)N« film with high ratio H/E" > 0.1, high elastic recovery We > 60%, dense, voids-free non-columnar
microstructure and compressive macrostress (o < 0) exhibit an enhanced resistance to cracking.

In sputtering of the Ti(AlLV)Nx film with enhanced resistance to cracking the energy Eu can be fully
substituted by the energy Ei. This finding is of a general validity. Moreover, the use of the energy Em in the
deposition of films makes it possible to sputter nanocrystalline and crystalline films on electrically insulating
substrates without their heating and arcing on their surfaces.

The energy £ is a key parameter controlling the physical and mechanical properties of sputtered films
including their resistance to cracking and enabling their production in a reproducible way.
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Abstract

This letter reports on great differences in values of the plasma Up and floating Un potentials in sputtering discharges
generated by single and dual magnetrons. It is shown that (i) the differences of Up and Un result in strongly different
properties of films sputtered by single and dual magnetrons at the same power delivered to the magnetron discharge,
(ii) in the DC single and dual magnetron discharges the values of U, and Us strongly depend on the electric
conductivity of the surface of the grounded deposition chamber, and (iii) the Pulsed dual magnetron with closed
magnetic B field is only one sputtering system which enables to sputter the films with fully reproducible properties.

5.1. Introduction

It is well known that the energy Ebi delivered into the sputtered film by bombarding ions decides on its physical and
mechanical properties such as its structure, microstructure, hardness H, effective Young’s modulus E", elastic
recovery We, ratio H/E", macrostress o, etc. In the simplest case of 100% ionized and collisionless discharge, the
energy Evi is determined by the following formula [1, 2]

Eoi [J/em3] = (Up— Us ) x is/ap at Up > Us (5.1)

Here, Uy is the plasma potential, Us is the substrate bias, is is the substrate ion current density and ap is the deposition
rate of the film. Eq. (5.1) shows that the effect of U, on Ebi can be very small in the case when | Up| <<| Us] but, on
the contrary, Up can strongly influence Ebi in the case when | Up| ~ |Us|. The plasma potential Up strongly depends on
the deposition parameters used in the magnetron sputtering, the mode (type) of the magnetron operation (the direct
current (DC), pulsed, high-power pulsed magnetron (HPPMS) sputtering) [3 - 9], the geometrical arrangement of the
sputtering device [10], the target power density Wt = Ud x 14/S [11], the sputtering gas pressure p [6, 11], and the
state of the surface of the deposition chamber (electrically conductive, semiconducting, electrically insulating); here
Ud and lq is the voltage and current of the magnetron discharge, and S is the area of the sputtered target. These facts
are the main reason why the properties of films sputtered under the same deposition conditions can strongly differ
and in many cases cannot be formed in a reproducible way. No investigation of this problem was performed so far.
Up to now, main attention was concentrated mainly on the measurement of the degree of ionization of sputtering
gas, electron and ion energy distribution functions (EEDFs and IEDFs) [12] and species generated in the magnetron
discharges in reactive sputtering and in the presence of different kinds of the inert and reactive sputtering gases and
their mixtures.

This article shows great differences in the values of the plasma potential Uy and the floating potential Usn in the
magnetron discharge generated by (i) the DC single and DC dual magnetron and (ii) the Pulsed dual magnetron
operating at the same deposition conditions. Besides, it is shown that the electric conductivity of the surface of walls
of the deposition chamber strongly influences Up and Us in a reactive magnetron sputtering of films. The way how
these changes of Up and Us can be fully eliminated is shown.

5.2 Experimental details

The plasma potential Uy, and the floating potential Us in the magnetron discharge was measured in a cylindrical
deposition chamber (the diameter & = 600 mm, the height h = 600 mm) equipped successively with three sputtering
systems: (1) DC single magnetron, (2) DC dual magnetron and (3) Pulsed dual magnetron, see Fig. 5.1. All magnetrons
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were the same and were equipped with Ti (6Al 4V) alloy targets made of a VT6 titanium alloy containing 6 at.% Al
and 4 at.% V. Both DC and Pulsed dual magnetron systems have a closed magnetic field B between magnetrons, see
Figs. 1b and 1c. The sputtering discharges were generated at the same power Poc = P1pc + P2bc = P1p + P2p =500 W
and the same sputtering gas pressure p = par + pn2 =0.2 + 0.8 = 1 Pa; here indexes 1DC and 2DC, and 1p and 2p denote
the powers delivered to the magnetron 1 and 2 by two DC power supplies (Advanced Energy Pinnacle Plus+ 5/5 kW
operated in a DC mode), and by a Pulsed the pulsed power supply (Advanced Energy Pinnacle Plus+ 5/5 kW operated
in bipolar mode with asynchronous pulses), respectively, see Fig. 5.2, parand pn2 are partial pressures of argon and
nitrogen, respectively. More details on the discharge of the dual magnetron with closed and open (mirror) magnetic
field B are given in Ref. [13].

DC power supply Two DC power supplies Pulsed power supply
- + - + + - b 7S,
o oI o o—HhiH—o o T
i
depositicn =
chamber deposition chamber depaosition chamber
single|magnetron dual magnetron dual magnetron

M1

Substrate Substrate Substrate
= & — | DC power = & — | DC power = & — | DC power
o + | supply M=o + | supply M=o + | supply
a) b) c)

Figure 5.1 Schematic illustration of the discharge generated by (a) DC single magnetron, (b) DC dual magnetron and (c) Pulsed dual
magnetron and the electrical connection of power supplies.

The voltage on the magnetron 1 and the magnetron 2 in the DC dual magnetron system and in the pulsed dual
magnetron system is shown in Fig. 5.2. Fig. 5.2b shows that during the pulse-off time the magnetron voltage is slightly
positive. It enables to remove the positive charge accumulated on the target when electrically insulating films are
sputtered, to avoid arcing on the target surface and to form defect-free films [14]. The Ti(Al,V)N films were reactively
sputtered on 15330 steel substrates placed at the substrate temperature Ts = 500°C, the substrate-to-target distance
ds+ =60 mm and the total sputtering gas pressure pr = par + pn2 = 0.2 Pa + 0.8 Pa = 1 Pa; here par and pnz is the partial
pressure of argon and nitrogen, respectively. All measurements of the plasma potential U, and the floating potential
Un were carried out in the discharge generated at an unheated substrate. The change of the electrical conductivity
of the surface of the deposition chamber from electrically conductive to non-conductive (electrically insulating) was
carried out by a pulsed reactive sputtering of TiO: films from the Ti(Al,V) targets of the dual magnetron at the total
pressure pt = par + po2 = 0.5 + 0.5 = 1 Pa and the pulsed averaged power P4a = 1000 W.
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Figure 5.2 Schematic illustration of the voltage on the magnetron 1 and the magnetron 2 at (a) the DC dual magnetron and (b) the
Pulsed bipolar dual magnetron operated with asynchronous pulses.

5.3. Results and discussion

In this section two problems were investigated in detail: (1) Differences in the plasma potential U, and the floating
potential Un in the DC and pulsed magnetron discharges and (2) The elimination of the effect of the electrical
conductivity of the surface of the deposition chamber on properties of sputtered films and the finding of the
magnetron sputtering system which enables to sputter films with fully reproducible properties.

The plasma potential Up and the floating potential Un were determined from Volt-Ampere (V-A) characteristics
measured at the substrate. Our experiments show that the V-A characteristics at the substrate measured in the
discharge generated by the DC single magnetron (Fig. 5.1a) and by the DC dual magnetron (Fig. 5.1b) are identical.
Therefore, the V-A characteristics measured at the substrate immersed in the DC dual magnetron discharge and in
the Pulsed bipolar dual magnetron discharge are compared only, see Fig. 5.3.

Fig. 5.3 shows strong differences in the values of Up and Us in the DC and Pulsed bipolar dual magnetron discharges
generated at the same power P =500 W. Main results of this experiment are the following:

e The single magnetrons (Fig. 5.1a) and the dual magnetrons with the closed magnetic field (Fig. 5.1b)
powered by the DC power have always the ground outside the magnetron discharge, i.e. outside the
chamber walls. On the contrary, the pulsed dual magnetrons with closed magnetic field operated with
asynchronous pulses (Fig. 5.1c) have the ground inside the magnetron discharge.

e In discharges of the DC single and DC dual magnetrons, the floating potential Un is negative. Therefore, the
films sputtered in discharges generated by the DC single and dual magnetrons can be bombarded by
electrons also at negative substrate biases |Us| < |Us|. On the contrary, the films sputtered in discharges
generated by the pulsed dual magnetrons with closed B field can be bombarded by ions also at positive
substrate biases if Un > Us> 0. It is the main reason why properties of the films sputtered under the same
deposition conditions on the grounded substrate by the DC and Pulsed dual magnetrons strongly differ, see
and Fig. 5.3 and Table 5.1.
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Figure 5.3 V-A characteristics measured on the substrate immersed in the dual magnetron discharge powered by
(a) DC power P;1pc = P2 pc = 250 W and (b) Pulsed power with asynchronous pulses with P, = P, = 500 W, repetition frequency
fr=1/T=100 kHz and duty cycle 7/T = 0.5; here indexes 1 DC and 2 DC and 1p and 2p denote the powers delivered to the magnetron
1 and 2 by the two DC power supplies and the Pulsed power supply, respectively.

Fig. 5.4 displays XRD patterns from the Ti(Al,V)N films reactively sputtered on the grounded substrate (Us = 0 V) by
the DC and Pulsed bipolar dual magnetron at the same deposition conditions: W: pc = 12.8 W/cm?, Wip = 25.6 W/cm?,
Ts = 500°C, ds+ = 60 mm and pr = par + pn2 = 0.2 + 0.8 =1 Pa; here Wipcand W;p is the target power density of one
magnetron in the DC dual magnetron and in the Pulsed bipolar dual magnetron, respectively. The structures of both
films strongly differ. While the DC sputtered film is polycrystalline, the pulsed sputtered exhibit a strong TiN (111)
structure. These strong changes of the film structure result also in strong differences of the mechanical properties of
the films sputtered by the DC and Pulsed dual magnetron, respectively, see Table 5.1. The film deposited by DC dual
magnetron sputtering exhibits lower values of the hardness H, the elastic recovery We and the low ratio H/E* < 0.1
compared with those of the film deposited by Pulsed dual magnetron sputtering. Moreover, the pulsed sputtered
film exhibits an enhanced resistance to cracking due to the high ratio H/E* = 0.1 [2, 15]. This experiment clearly shows
how important it is to know the floating Un and plasma U, potential on the substrate and inside magnetron discharge,
respectively, during deposition of the film.
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Figure 5.4 XRD patterns of the Ti(Al,V)N films sputtered on the grounded substrate (Us = 0 V) by DC and Pulsed dual magnetron
powered at the same deposition conditions: Wi pc Wy, = 12.8 W/cm?, Ts = 500 C, ds.+ = 60 mm and pr = par + pn2 = 0.2 + 0.8 = 1 Pa.

Table 5.1 Deposition conditions, energy E delivered in growing Ti(Al,V)N films sputtered on the grounded substrate (Us=0) by DC
and Pulsed bipolar dual magnetron at the same deposition conditions: W pc & Why, = 12.8 W/cm?2, T = 500 C, ds. = 60 mm and
pr=par+pn2=0.2 +0.8 = 1 Pa, and mechanical properties of sputtered films.

Sputtering U, /s is Ebi Eal h ap H E’ W. H/E” c
[V] [mA/cm?] [MJ/cm®] [MJ/cm?®] [nm] [nm/min] [GPa] [GPa] [%] [GPa]

DC 0 electrons 10.60 -- 3.4 1700 18.9 16.1 195 58 0.08 0.3

Pulsed 0 ions 1.12 1 - 1400 15.6 235 224 67 010 -1.2

5.3.1 Elimination of the effect of chamber walls on properties of sputtered films

The place of the ground of the electrical connection of power supplies used for the generation of the magnetron
discharge — outside discharge (the chamber walls) or inside discharge (the sputtered target of magnetron) — strongly
influences V-A characteristics on the substrate, see Fig. 5.5. When the ground is outside discharge the V-A
characteristics depend on the electrical conductivity of the chamber walls, see Fig. 5.5a. The negative floating
potential Un on the substrate increases with decreasing electrical conductivity of the chamber walls. These changes
of Un are caused by the walls contamination by (i) the oxygen and nitrogen during opening of the deposition chamber
to the air for the de-loading of coated parts (samples) and its loading by non-coated ones and particularly (ii) the
condensing of different reactive species created during the reactive magnetron sputtering of films. The
contamination of the surface of the grounded deposition chamber is the main reason why the sputtering of the films
with fully reproducible properties is a very serious problem.

This problem can be fully avoided in the case when the ground is inside the magnetron discharge, see Fig. 5.5b. In
this case, the V-A characteristics do not depend on the electric conductivity of the surface of the chamber walls. It
means that the Pulsed sputtering by the dual magnetron with closed B field is the best sputtering system enabling
deposition of films with fully reproducible properties.
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Figure 5.5 V-A characteristics measured on the substrate immersed in the dual magnetron discharge powered by (a) DC power and
(b) Pulsed power with asynchronous pulses in the deposition chamber whose walls are electrically conductive (triangles) and
non-conductive (circles).
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5.4. Conclusions

Results of the reported investigation are very important for both the deepening of the present state of knowledge in
the field of reactive magnetron sputtering of thin films and the design of new advanced sputtering systems which
enable to sputter the films with fully reproducible properties. Main results can be summarized as follows:

1. Properties of the films sputtered by the single and dual magnetrons at the same power P delivered to the
magnetron discharge and other constant deposition conditions (Us, Ts, ds+, p) differ due to different values
of the plasma potential U, and the floating potential Us what results in a different energy
Evi = (Up — Us) x is/ap delivered to the growing film by bombarding ions

2. The values of Uy and Us strongly depend on the electrical connection of the power supply the magnetron.
For the single and DC dual magnetron, the ground is outside discharge. In contrast, for the Pulsed dual
magnetron with a closed magnetic field, the ground is inside the discharge.

3. The properties of the films sputtered on the grounded substrate by the single and DC dual magnetrons at
the same power P and other constant deposition conditions strongly differ from those sputtered by the
pulsed dual magnetrons with the closed magnetic field. It is due to the fact that while in the single and DC
dual magnetron discharge electrons flow on the grounded substrate, in the pulsed dual magnetron with the
closed magnetic field on the contrary ions flow on the grounded substrate. It results in a great difference in
the energy £ delivered to the growing film.

4. In discharges of the single magnetrons and the DC dual magnetrons powered by two grounded power
supplies the values of U, and Us depend on the state of the surface of the chamber walls (electrically
conductive or non-conductive) and the formation of reactively sputtered films is very difficult. On the other
hand, in pulsed discharges of the dual magnetrons with a closed magnetic field in which the ground is
inserted inside the discharge the values of U, and Usn do not depend on the state of deposition chamber
walls. It means that the Pulsed dual magnetron ensures a long-term reactive sputtering of the films with
fully reproducible properties without any effect of varying contamination of the deposition chamber walls.
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Abstract

The article reports on the effect of the energy £ delivered into the growing film on its macrostress, microstructure,
mechanical properties and resistance to cracking of Ti(Al,V)N films. The Ti(Al,V)N films were deposited on Si(111) and
Mo substrates by magnetron sputtering in a mixture Ar+N2 gases using a dual magnetron with closed magnetic field
and equipped with TiAIV (6 at.% Al, 4 at.% V) alloy targets. It is shown that the compressive macrostress ¢ in sputtered
films can be reduced either by the pulsed bipolar bias voltage Usp with alternating negative and positive pulses or the
electron and ion bombardment during overshoots in the pulsed magnetron sputtering. All sputtered films with high
ratio H/E® > 0.1, compressive macrostress (o < 0), and non-columnar microstructure exhibit an enhanced resistance
to cracking; here H is the hardness and E” is the effective Young’s modulus. The high compressive macrostress in the
film is not the necessary condition for the formation of the films with an enhanced resistance to cracking.

6.1. Introduction

There is a huge number of papers devoted to the investigation of relationships between the deposition parameters
of the film and its structure [1-12], microstructure [8-26], phase and elemental composition [2-5, 15-20], macrostress
[4-9, 18-25], physical and functional properties [1-31]. Despite these facts, it is very difficult to sputter in different
deposition chambers with different magnetrons, and different power supplies (DC, pulsed) the films with
reproducible properties. It is due to the fact that different combinations of deposition parameters, different
magnetrons (single, dual, etc.) and different arrangement of substrate holders (stationary, rotating) result in different
energies £ delivered into the growing film. It means that the main parameter controlling the properties of the film is
the energy € [32-42]. Therefore, the knowledge of correlations between the energy £ and the film properties is very

important.

In the deposition of films using an ion plating process, i.e. in the case when the substrate on which the film is
deposited is held on a negative substrate bias Us, the most important is the energy Evi delivered to the film during its
growth by bombarded ions. In the simplest case of a collision-less, fully ionized plasma the energy Eni can be
expressed in the following form [42]

Soi [)/cm?] = | Up - Us| x is/ap (6.1)

Here, Up is the plasma potential, Us is the substrate bias, is is the substrate ion current density and anis the deposition
rate of the film. Under the assumption that | Uy | <<| Us| , which is well fulfilled in many experiments, Eq. (6.1) can be
simplified in the following simple form

Evi [J/em3] = | Us| xis/ap (6.2)

Eq. (6.2) shows that the energy Evidelivered to the growing film by bombarding ions can be easily calculated from
measured deposition parameters (Us, is) and the film deposition rate ap = h/tq calculated from the measured film
thickness h and the deposition time ta.

Recently, it was demonstrated that the Ti(AlL,V)N films with enhanced resistance to cracking are created at high
energies Evi > 1.7 MJ/cm? [43]. However, the intensive ion bombardment generates high compressive stresses
(up to - 3 GPato -5 GPa) in sputtered films [44]. Such films easily delaminate from the substrate and crack. Therefore,
it is necessary to decrease the compressive macrostress 6 but simultaneously to deliver to the film sufficiently high
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energy Ebi necessary to sputter the film with dense, non-columnar microstructure exhibiting no delamination from
the substrate and an enhanced resistance to cracking.

The solution of this quite difficult task is the subject of this article. It is shown that the films with an enhanced
resistance to cracking and a low compressive macrostress || <1 GPa can be formed in the case when & generated
in the sputtered film is relaxed by bombardment of electrons during its growth. Two methods are described in detail:
(1) the DC sputtering with pulsed bipolar bias with alternating negative and positive pulses and (2) the pulsed
sputtering with electron bombardment of the film during overshoots at the end of each pulse. Both methods
efficiently reduce the compressive macrosrostress (6 < 0) in sputtered films. It was demonstrated in sputtering of
the Ti(AlV)N nitride films.

6.2. Experimental

The Ti(ALV)N nitride films were reactively sputter deposited on Si(111) and Mo substrates at substrate temperature
Ts = 500°C and substrate-to-target distance ds+ = 60 mm by a dual magnetron with closed magnetic field equipped
with TIAIV (6 at.% Al, 4 at.% V) alloy targets of diameter J = 50 mm in a mixture of Ar + N2 sputtering gases. The
magnetrons were tilted at angle 20° to the vertical axis [45] and supplied by an Advanced Energy Pinnacle Plus+
5/5kW power supply operated either in the DC or pulse mode. The Ti(Al,V)N films deposited by a dual magnetron
powered by DC power were sputtered at /s = 1 A results in W= laUq/S = 16 W/cm?, and the substrate held either at
constant negative bias Us or at pulsed bipolar positive/negative bias. The Ti(Al,V)N films deposited by a dual
magnetron powered by pulsed power were sputtered at the repetition frequency of pulses fr ranging from 100 kHz
to 350 kHz, /T = 0.5 and lq4 ranging from 1.6 to 2 A resulting in the target power density Wi = lgp Udp /S < 16 W/cm?
and the substrate bias held at the floating potential Un or at the constant negative bias; here l¢gp and Uqp is the
discharge current and voltage during pulse-on time, respectively, and S is the total area of the sputtered target. All
Ti(ALV)Nx films were sputtered in the nitrogen-rich atmosphere at pn2/pr = 0.8. The films sputtered under these
conditions were almost stoichiometric (x = N/(Ti+Al+V) ~ 1) and their stoichiometry x varied in a very narrow range
from 0.98 to 1.09 only. The Si plates (20 x 20 x 0.64 mm?3) were used for of X-ray diffraction patterns and the Si strips
(30 x 5 x 0.64 mm?3) were used for the measurement of the macrostress c in the sputtered films. The Mo substrates
(80 x 15 x 0.20 mm?3) coated by sputtered films were used for the assessment of the film resistance to cracking in
bending. A pre-deposition etching of substrates was performed in the pulsed discharge (generated between the
substrate and the shutter) at the voltage U = 400 V, current / = 0.5 A, repetition frequency fr = 100 kHz, t/T = 0.5,
substrate temperature Ts = 500°C and shutter-to-target distance ds+= 60 mm in argon at pressure par = 1 Pa for 5 min.
A pre-deposition cleaning of the magnetron targets was performed in DC mode of sputtering at the magnetron
voltage Us = 400 V and current ls = 0.5 A, target power density W: = 10 W/cm? in argon at pressure par = 1 Pa for
3 min.

The film thickness h was measured by a stylus profilometer DEKTAK 8. The macrostress ¢ was evaluated from the
bending of Si plate using the Stoney’s formula [46]. The film structure was characterized by X-ray diffraction using an
XRD diffractometer PANalytical X Pert PRO in the Bragg-Brentano configuration with CuKa radiation. The elemental
composition of the Ti(Al V)N films deposited on Si substrates was analyzed by a scanning electron microscope (SU-
70, Hitachi) operated at a primary electron energy of 15 keV using both the energy dispersive spectroscopy (EDS,
UltraDry, Thermo Scientific) and the wave dispersive spectroscopy (WDS, Magnaray, Thermo Scientific). Pure metal
standards for the determination of Ti, Al and V concentrations in the film were used. The nitrogen concentration was
calculated as the difference to 100 wt. %. The Ti(Al,V)Nx-1 films exhibit stochiometry x = N/(Ti+Al+V) ranging from
0.98 to 1.09. Mechanical properties of sputtered films were determined from load vs. displacement curves measured
by a microhardness tester Fisherscope H100 with Vickers diamond indenter at a load of 20 mN. The resistance of the
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Ti(ALV)N films to cracking was determined by (i) the indentation test at high loads L (critical load when cracks occur)
ranging from 0.25 to 1 N and (ii) the bending test; more details are given in [42, 47, 48]. The Mo strip coated with the
sputtered film was bent around a fixed cylinder of different radius r. The strain induced in the film by bending was
increased by decreasing of the radius r of fixed cylinder. The critical strain e« at which cracks in the film occur was
measured. The critical strain - was calculated from the following formula [42]

Scr:hMo/zr (63)

Here, hmo is the thickness of the Mo strip.

6.3. Results and discussion

In this section, two ways of sputtering of the low-stress Ti(AlLLV)N films with enhanced resistance to cracking are
described in detail. Both methods of a reduction of the macrostress o in sputtered films are based on an electron
heating of the film material during its growth controlled by the energy Eu delivered into the growing film by
bombarding ions. This section consists of three subsections: (1) The macrostress reduction controlled by pulsed
bipolar substrate bias Usp, (2) The macrostress reduction controlled by overshoots in pulsed sputtering and (3)
Correlations between the energy Ebi, the macrostress o in film, its microstructure, and resistance to cracking.

6.3.1. Macrostress reduction by pulsed bipolar substrate bias Ups

The principle of a reduction of the macrostress ¢ in the sputtered film at a pulsed substrate bias Uspis based on
alternating of the ion and the electron bombardment of the film during its growth, see Fig. 6.1. The alternating ion
and electron bombardment of the growing film is realized by alternating negative and positive pulses. The
microstructure of growing film is densified during the negative pulse of the substrate bias Us, by ion bombardment.
Simultaneously, the compressive macrostress (o < 0) is generated in the film and its magnitude increases with
increasing voltage of the negative pulse. On the other hand, the macrostress G, generated in the film during the ion
bombardment, is relaxed by the electron current which thermally anneals the growing film during the positive pulse
of the pulsed substrate bias Usp. It means that the films sputtered at DC substrate bias Usoc will always exhibit a
higher compressive macrostress (o < 0) compared with the films sputtered at a pulsed bipolar substrate bias Usp.

The relaxing of the compressive macrostress (o < 0) in the sputtered film by the electron bombardment was
confirmed by sputtering of the Ti(Al,V)N films under the same deposition conditions at DC and pulsed bipolar bias.
Results of this experiment are summarized in Table 6.1. From Table 6.1 the following important issues can be drawn

1. The film sputter deposited at DC negative bias Us, i.e. at the ion bombardment of the growing film only,
exhibits the high compressive macrostress (o = - 4 GPa) compared with the film sputter deposited at the
pulsed bias Usp with alternating negative and positive pulses (c = - 0.8 GPa).

2. The energy Ebi delivered to the film growing at pulsed bipolar bias Uspis lower (1.6 MJ/cm?3) than the
energy delivered to the film growing at DC bias Usoc (3.7 MJ/cm?3). This is a reason why the film sputter
deposited at a pulsed bias Usp exhibits the X-ray amorphous structure and the film sputter deposited at
DC bias Usoc is the crystalline with a dominant TiN (220) texture, see Fig. 6.2.
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3. The electron bombardment of the growing film, however, results not only in the strong decrease of the

compressive macrostress ¢ but also in decrease of its hardness H, elastic recovery We, H/E" ratio and the

low resistance to cracking, see Table 6.1.
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Figure 6.1 Comparison of DC and pulsed substrate bias used in deposition of Ti(Al,V)N films by DC dual magnetron discharge
generated atly=1A, T;=500°C, ds.t = 60 mm, pr=par+ pn2 =0.8 + 0.2 = 1 Pa. (a) Continuous ion bombardment and (b) alternating
ion/electron bombardment of the growing Ti(Al,V)N film by ions and electrons produced by DC bias (U = - 100 V) and pulsed bias
(Usp = - 130/+70V, f, = 5 kHz), respectively. Here, Us, is the pulsed substrate bias Us, and isp is the pulsed substrate current density.

Table 6.1 Physical and mechanical properties and compressive macrostress (o < 0) in the Ti(Al,V)N films sputtered by DC dual
magnetron operated at Iy =1 A, Ts = 500°C, ds.+ = 60 mm, pr = par+ pnz2 = 0.2 + 0.8 = 1 Pa on the substrate held at (i) DC substrate
bias voltage Us pc and (ii) pulsed substrate bias voltage Us, voltage with repetition frequency of pulses f, = 5 kHz. The bending test
was performed on the films sputtered on the Mo strip and the indentation test on the films sputtered on the Si substrates

bias f. Ug is h a, /T Ewp H E° W. H/E" & L. structure texture
voltage [kHz] V] [mA/cm?] [nm] [nm/min] [MJ/cm?®] [GPa] [GPa] [GPa] [%] [%] [N]

DC 0 -40 1 2100 36 0 1.6 -1.7  28.4 282 70 0.10 -~ 0.25 crystaline (200)+(220)
DC 0 -100 1.8 1100 37.5 0 3.7 -4.0 30.7 220 81 0.14 >2.0 >1 crystaline r(220)
pulsed 5 -100/70 0.9 1000 33 1.3 1.6 -0.8 19.1 175 68 0.11 1.3 0.75 XRA

Eipis the average energy of ions during the negative pulse of pulsed substrate bias U, and XRAis X-ray amorphous
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Figure 6.2 Comparison of the structure of the Ti(Al,V)N film sputter deposited at (i) DC substrate bias Uspc = -100 V and a high
energy Epi = 3.7 MJ/cm? and (ii) the pulsed substrate bias Us, and a low energy Epip = 1.6 MJ/cm?3.

The electron bombardment of the growing film is the reason why the macrostress ¢ generated in the film sputter
deposited at the pulsed substrate bias Usp with alternating negative and positive pulses is considerably lower than
that in the film sputter deposited at the DC negative substrate bias voltage Us. The length of the negative pulse 7i
and the length of the positive pulse te can be different. It means that the efficiency of a relaxing of macrostress o in
the film can be controlled by the ratio te/ti. The possibility to control the macrostress ¢ in sputtered films by the
ratio 1e/Ti was also demonstrated in sputtering the Ti(Al,V)N films at pulsed bipolar substrate bias Usp. Results of this
experiment are summarized in Table 6.2.

Table 6.2 Physical and mechanical properties and compressive macrostress (o < 0) in the Ti(Al,V)N films sputtered by DC dual
magnetron operated at Iy =1 A, Ts = 500°C, ds.+ = 60 mm, pr = par + pn2 = 0.2 + 0.8 = 1 Pa on the substrate held at pulsed bipolar
substrate bias Usp, with two repetition frequencies f, of alternating negative and positive pulses. The bending test was performed
on the films sputtered on the Mo strip and the indentation test on the films sputtered on the Si substrates.

fr U h isp ap T/T; Evip c H E° W. H/E" & L texture
[kHz] V] [nm] [mA/cm®] _[nm/min] [MJ/cm®] [GPa] [GPa] [GPa] [%] (%] IN]

High electron bombardment
25  -130/+110 1500 1.3 45 3.2 2.3 -1.7 295 260 73 0.11 >2 >1 -220
25 -130/+110 2600 1.3 45 3.2 2.4 -1.9 28 270 70 0.1 >2 >1 -220

Low electron bombardment
5 -130/+70 1300 1.3 33 1.3 3.1 2.1 28.2 211 79 0.13 delam >1 -220
5 -130/+70 2100 1.3 31 1.3 3.3 2.4 335 246 82 0.14 delam >1 -220

Evipis the average energy ofions during the negative pulse of pulsed substrate bias U,

"delam" denotes that the films delaminates from Mo strips during bending

The Table 6.2 shows the properties of the Ti(Al,V)N films sputtered at pulsed substrate bias Us with two repetition
frequencies f: of alternating negative and positive pulses of different lengths and the same value of the negative
substrate voltage Usp = -130 V and two values of the positive substrate voltage (fr = 5 kHz with Us = -130/+70 V,
Te/T1=1.3 (low electron bombardment), and fr = 25 kHz with Us = -130/+130 V, te/ti = 3.2 (high electron
bombardment)); here e and ti is the length of positive and negative pulse, respectively. This selection of parameters
of the pulsed bipolar bias Usp makes it possible to investigate the effect of the electron bombardment on mechanical
properties of the film, its macrostress 6 and resistance to cracking. From the Table 6.2 it is seen that (1) the Ti(Al,V)N
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film sputtered under high electron bombardment (Usp+ = +110 V) and the ion energy &b = 2.4 MJ/cm? exhibit high
hardness H = 28 GPa, high ratio H/E" = 0.10, high elastic recovery We = 70%, low compressive macrostress
o =-1.9 GPa and enhanced resistance to cracking (e« > 2 and L > 1 N) and (2) the Ti(ALV)N film sputtered under
lower electron bombardment (Usp+ = +70 V) and the higher ion energy Ebi = 3.1 MJ/cm? exhibit higher values H, H/E",
We, |c|> 2 GPa and also an enhanced resistance to cracking in compression (Lsr > 1 N) but this film already
delaminates from Mo strip due too high compressive macrostress |G| > 2 GPa. This experiment clearly demonstrates
that properties of the sputtered film can be well controlled by an optimized bombardment with ions and electrons
during its growth.

6.3.2. Macrostress reduction by overshoots in pulsed sputtering

The control of the energy of bombarding ions Ebi by the pulsed sputtering of the film is based on the utilization of
strong discharge oscillations connected with transient pulse phenomena after the pulse off. Experiments
demonstrating this fact were performed in the pulsed dual magnetron (DM) discharge. The DM was supplied by the
pulse asymmetric bipolar Advanced Energy Pinnacle Plus+ 5kW power supply unit (PSU) with the reverse positive
pulse (10% of the negative voltage). Each magnetron is alternatively sputtered (pulse-on) or discharged (pulse-off)
with the repetition frequency fr = 1/T.. The schematic illustration of the PSU supplying the DM composed of two
independent asymmetric bipolar units is shown in Fig. 6.3. The PSU symmetry point can be either floating (the DM is
floating PSU — DMF) or connected to the grounded chamber (the DM is grounded PSU — DMG). In our experiment
the PSU - DMG was used.

substrate

M2

g —]—
deposition =
chamber

Figure 6.3 Schematic illustration of the asymmetric bipolar Advanced Energy Pinnacle Plus+ 5 kW pulsed power supply (PSU). The
abbreviations DMG and DMF denote that the PSU symmetry point is grounded (the position 1) and floating, i.e. disconnected from
the grounded deposition chamber, (the position 2).

The oscillations generated in the pulsed bipolar DM discharge are illustrated in Fig. 6.4. This figure shows the time
evolution of the voltage Uqd1 on the magnetron 1 (M1) and Uq2 on the magnetron 2 (M2) of the dual magnetron with
a closed magnetic field B [45]. The pulsed bipolar DM discharge was generated at three repetition frequencies (a)
100 kHz, (b) 200 kHz and (c) 350 kHz. The oscillations superposed on the DC substrate bias Usp are clearly seen.
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Figure 6.4 Time waveforms of the voltage U4; and U4, on the magnetron 1 and the magnetron 2, respectively, of the dual
magnetron (DMG) operated in pulsed bipolar mode at l4 =141 + 142 = 1.6 A, Ts = 500°C, ds.+ = 60 mm, pr=pa-+pn2=0.2+0.8=1 Pa
and three repetition frequencies (a) 100 kHz, (b) 200 kHz and (c) 350 kHz, and the DC substrate bias Uspc = -20V.

The principle of the control of the macrostress o in the growing film during pulsed sputtering is based on the control
of the ion bombardment of the film during its growth. Splashes of oscillations (called as the packets or the overshoots)
superposed on the substrate potential Us play a key role in the control of the film macrostress o, see Fig. 6.4. These
splashes are generated after the switching off of pulses. Therefore, the magnitude of  in the sputtered film depends
on the total number of splashes Nspis generated during the whole time of the film deposition. The number Nspis of
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splashes increases with increasing repetition frequency f; of pulses. Fig. 6.4 shows that (1) the magnetron voltage Uqg
sinusoidally changes during the pulse-on time ton, (2) the length of sinusoid decreases with increasing f: from ~T; at
fr =100 kHz to ~T:/4 at f: ~ 350 kHz, and (3) the splashes of oscillations, strongly attenuating with increasing time,
are created not only on the voltage waveform of the discharge voltage Ud(t) but also on the waveform of the DC
negative substrate bias Uspc; the splashes of oscillations are denoted by dotted ellipses in Fig. 6.4b, (4) the duration
of the splashes of oscillations is Tosc = 1.3 s is practically constant and does not depend on the repetition frequency
of pulses fr and (5) the number of splashes of oscillations Nspis increases with increasing f.

During oscillations of the substrate bias Usp, the growing film is exposed to a strong ion bombardment. It is due to a
strong increase of Usp during negative half periods of oscillations. This strong ion bombardment results in an increase
of macrostress ¢ generated in the film. Therefore, a reduction of the macrostress o in the sputtered film can be
achieved by a reduction of the number Nspis of splashes of the oscillations. It can be achieved by decreasing of the
repetition frequency fr of sputtering pulses. This fact was confirmed experimentally by sputtering of the Ti(Al,V)N
films on the Si(111) substrates held on the floating potential Us = Un under the same deposition conditions at two
repetition frequencies of pulses fr = 200 kHz and 350 kHz. The film sputter deposited at fr = 200 kHz, i.e. under a lower
ion bombardment, exhibits not only the low macrostress (c = - 0.6 GPa) as expected but also the columnar
microstructure because the ion bombardment was already weak and insufficient to create the film with dense voids-
free microstructure, see Table 6.3 and Fig. 6.5. More information about overshoots and its effect on plasma and
coating properties can be found in Refs. [49- 57].

f =200 kHz f =350 kHz
G =-0.6GPa G =-2.4GPa

Figure 6.5 Microstructure of the Ti(Al,V)N films with (a) low and (b) high compressive macrostress (o < 0) sputtered on Si(111)
substrates by pulsed DM at two repetition frequencies f, = 200 kHz and f, = 350 kHz, respectively, and Wq = 12 W/cm?, Us = Uy,
Ts =500°C, ds.t = 60 mm, pr=par+pn2=0.2+0.8=1 Pa.

Table 6.3 Physical and mechanical properties of the Ti(Al,V)N films sputtered by pulsed dual magnetron at Wy = 12 W/cm?,
Ts=500°C, ds.: = 60 mm, pr = par+ pn2 = 0.2 + 0.8 = 1 Pa, floating potential Us = Ug at two repetition frequencies f, = 200 kHz and
350 kHz.

fr h ap Ebi c H E" W H/E®" & Lo micostructure
[kHz] [nm] [nm/min] [MJ/cm®] [GPa] [GPa] [GPa] [%] [%] [N]

200 1900 15.8 -—- -06 238 240 68 0.1 13 0.25 columnar
350 1300 4.6 --- -24 214 173 76 0.12 >2 >1 dense
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This experiment shows that a pulsed magnetron sputtering is an efficient way which allows controlling the
macrostress ¢ of the film held even at a floating potential Us = Un a and its microstructure by selection of repetition
frequency of pulses. This finding is of a great application potential, particularly for sputtering of dielectric films or
deposition of films on dielectric substrates, for instance, on the glass, etc. Both, the films with a porous columnar
microstructure or flexible hard protective films with dense, voids-free microstructure can be created on substrates
held at a floating potential Us = Us.

6.3.3. Control of macrostress in films sputtered at high repetition frequencies of
pulses

Fig. 6.6 shows V-A discharge characteristics of a pulsed magnetron discharge used for sputtering of the Ti(Al,V)N films
at fr = 350 kHz and different values of the DC substrate bias Us oc ranging from negative (-60 V) to positive (+40 V)
including grounded and floating substrates, i.e. Usbc = 0 and Usoc = Un ranging from +15 to ~ +150 V. From Fig. 6.6a
it is seen that the main source of the ion energy Ebi during the film deposition are positive half-periods of overshoot
oscillations when the sheath voltage is positive, i.e. Ush & Udp — Us > 0 and superposed on the negative DC substrate
voltage Usoc < 0. All films sputtered at Usoc < 0 and fr = 350 kHz exhibit similar properties, see Table 6.4. On the other
hand, the compressive macrostress (o < 0) generated in these films by bombarding ions is relaxed to low values
o =- 0.3 GPa by bombarding electrons during negative half-periods of the oscillations when the substrate current
density /s = 0 and the sheat voltage is negative, i.e. Ush = Uap — Us < 0. This decrease of compressive macrostress results
in a decrease of the hardness to H = 9 GPa. From Figs. 6.6b to 6.6c it is seen that also films sputtered at grounded,
floating and positively biased substrates are bombarded by ions. This fact is demonstrated by the positive peaks of
the sheat voltage corresponding to positive half-periods of overshoot oscillations. In the case of a floating substrate
potential (Fig. 6.6¢c) the ion bombardment cannot be measured since fluxes of electrons and ions incident on the
substrate are the same and the substrate current /s = 0 mA/cm?. On the contrary, at a positive substrate bias, the
electron bombardment of sputtered film dominates over an ion bombardment, see Fig.6.6d.
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Figure 6.6 Time evolution of voltage U4; and U4, on the magnetron M; and M of dual magnetron, voltage Us on the substrate and
current density on the substrate in pulsed dual magnetron discharge generated at Wy = 12 W/cm?, T, = 500°C, ds+ =60 mm,
pr=par+pnz = 0.2 + 0.8 =1 Pa, f, = 350 kHz and the substrate biased at a) Us pc = -60 V, b) grounded Us = 0 V, c¢) floating
Us=Up=15~150V and d) Uspc = +40 V.

Physical and mechanical properties of Ti(Al,V)Nxfilms sputtered by pulsed dual magnetron at fr = 350 kHz at different
values of negative DC substrate bias Uspc were investigated in detail, see Table 6.4. The energy Eviincreases and the
film deposition rate ap decreases with increasing negative Uspc. On the other hand, values of H, E*, H/E" ratio, We
and o are low of about 10 GPa, 140 GPa, 0.07, 45 % and - 0.3 GPa, respectively. These films are brittle and easily
crack. For more detail see Ref. [47].
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Table 6.4 Mechanical properties, compressive macrostress (o < 0) and resistance to cracking of the Ti(Al,V)N films sputtered by
pulsed DC dual magnetron, operated in bipolar mode at 15 = 2 A, is ranging from 2.2 to 2.4 mA/cm? Ts = 500°C, ds+ = 60 mm,
pr=par+pn2=0.2+0.8 =1 Pa and f, = 350 kHz on Si(111) substrates, as a function of negative DC substrate bias Us pc.

Uspc h ap Evi G H E" We H/E" &4 Lo TiN
[V]  [nm] [nm/min] [MJ/cm3] [GPa] [GPa] [GPa] [%] [%] [N] structure
-60 1100 18 7.5 -0.3 83 141 40 0.06 2 0.25 220
-80 1000 16.7 11.1 -0.2 104 139 49 0.07 2 0.25 220
-100 800 133 17.7 -04 94 143 44 0.07 2 0.25 220
-100 1000 111 21.2 -04 9.7 142 46 0.07 2 0.25 220

6.4. Conclusions

The article reports on a detailed investigation of the effect of the energy Ebi delivered into the Ti(Al,V)N film by
bombarding ions on its macrostress, microstructure, mechanical properties and resistance to cracking. Main
conclusions of this study can be summarized as follows:

1. The compressive macrostress o in sputter deposited Ti(Al,V)N films can be reduced by (i) the pulsed bipolar
bias voltage Usp with alternating negative and positive pulses and/or (ii) the alternating ion and electron
bombardment of the growing film during overshoots generated in a pulsed magnetron sputtering discharge.

2. The Ti(ALV)N films with enhanced resistance to cracking are formed only in the case when the energy £
delivered during their growth is sufficiently high (b > 1.7 MJ/cm3). These films exhibit (i) a dense,
voids-free microstructure, (ii) a high ratio H/E* > 0.1, (iii) a high elastic recovery We > 60% and (iv) an
enhanced resistance to cracking.

3. Areduction of compressive macrostress (o< 0) down to about ¢ = - 0.4 GPa results in a reduction of the film
hardness and its resistance to cracking.

4. Ourinvestigations clearly demonstrate the compressive macrostress (6 < 0) generated in the sputtered film
can be effectively controlled by alternating ion and electron bombardment already during its growth.
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Abstract

The article reports on the influence of a compressive macrostress ¢ in the Ti(Al,V)N film on its mechanical properties,
structure, microstructure, and resistance to cracking. The macrostress ¢ controlled by the energy Evidelivered into
the growing film by bombarding ions. The Ti(AlLV)N films were sputtered by a dual magnetron with the closed
magnetic field. It is shown that (1) the compressive macrostress (¢ < 0) increases the hardness H of the film and the
ratio H/E" , (2) the film exhibits a dense, voids-free, non-columnar microstructure in the case when the energy
Evi = 3 MJ/cm3, (3) the enhanced resistance of the film is controlled by its mechanical properties, microstructure and

macrostress o; here E” is the effective Young’s modulus.

7.1. Introduction

A macrostress ¢ generated in the film prepared by an ion plating sputtering strongly influences its hardness H and
structure and thereby its physical and functional properties. The stabilization of B-Ta [1] or c-ZraNs phase in the film
[2], the superconductivity of film [3], the Curie temperature of film [4], a change of the preferred orientation of film
[5-7] and the lifetime of the cutting tools coated by protective hard coatings [8-10] can be given as examples.
However, so far, there is little information about the influence of ¢ on the hardness H of film and its resistance to
cracking [11-13].

7.2. Experimental

The Ti(ALV)N thin films were sputter deposited using a dual magnetron with closed magnetic field equipped with
TIAIV (6 at.% Al, 4 at.% V) alloy targets (& = 50 mm) in a mixture of 20% Ar+ 80% N2 sputtering gases at total pressure
pr = par + pn2 ranging from 0.4 to 1.0 Pa. The magnetrons were powered by an Advanced Energy Pinnacle Plus+5/5 kW
power supply operated either in DC or pulse mode at a low power density in the pulse of Wioc = Wip < 25 W/ecm?;
here Wipcand Wy is the target power density in DC discharge and during the pulse-on in the pulsed discharge. For a
more detailed description of deposition conditions see Ref. [14-18] The Ti(Al,V)N films were deposited onto Si(111)
substrates.

The film thickness was measured by a stylus profilometer DEKTAK 8. The macrostress o was evaluated from the
bending of Si plate using the Stoney's formula [19]. The elemental composition of the Ti(Al,V)N films on the Si
substrate was analyzed in a scanning electron microscope (SU- 70, Hitachi) operated at a primary electron energy of
15 keV using energy dispersive spectroscopy (EDS, UltraDry, Thermo Scientific) and wave dispersive spectroscopy
(WDS, Magnaray, Thermo Scientific). Mechanical properties of sputtered films were determined from load vs.
displacement curves measured by a microhardness tester Fisherscope H100with Vickers diamond indenter at a load
of 20 mN. The resistance of the Ti(Al,V)N films to cracking was assessed by a critical load L¢r at which cracks in the
film occurred.

7.3. Results and discussion

Itis well known that the hardness H, structure, microstructure of the sputtered film and the macrostress ¢ generated
in it during its growth depend on many deposition parameters. It means that the interrelationship between the
deposition parameters of the film and its properties is a multi-parameters function
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Film properties = f (Uq, la, Wt, Ts, Us, is, Vi, Vea, ds+, h, ao, po, par, Pre, P, €tc.) (7.1)

Here Uq is the voltage of magnetron discharge, l4 is the current of magnetron discharge, W: is the target power
density, Ts is the substrate temperature, Us is the substrate bias, is is the substrate ion current density, v is the flux
of bombarding ions, v is the flux of condensing atoms, ds+ is the substrate-to-target distance, ao is the deposition
rate of coating, po is the base pressure in the deposition chamber before inlet of sputtering gas, par is the partial
pressure of argon, preis the partial pressure of a reactive gas, pr = par + pre is the total pressure of sputtering gas.

This fact practically excludes to find correct interrelations among H, o, structure and microstructure of the sputtered
film and its resistance to cracking because every deposition parameter has a different effect on these properties of
the sputtered film. It is due to the fact that at each combination of deposition parameters you deliver a different
energy £ in the growing coating. In this case, it is excluded to sputter the film with fully reproducible properties.
Therefore, the film properties must be expressed as a function of one parameter only, i.e. as a function of
the energy €

Film properties = f (£) (7.2)

The energy £ is a key parameter which controls the properties of the sputtered film and enables its formation with
fully reproducible properties. It is a reason why the interrelations among H, o, structure and microstructure of the
sputtered film and its resistance to cracking are compared based on the energy £. In our experiments the energy
delivered into sputtered Ti(Al,V)N by bombarding ions, i.e. £ = Eni. The energy Ebi is calculated from measured values
of substrate bias Us, substrate ion current density is and the film deposition rate ap from the formula [20]

Ebi = Us x is/ap (7.3)

Interrelationships among the hardness H, H/E" ratio, microstructure, structure, and compressive macrostress & in
the Ti(ALV)N film and its resistance to cracking are displayed in Figs. 7.1 - 7.4. The evolution of the H and H/E" of the
Ti(ALV)N film with columnar microstructure and dense non-columnar microstructure as a function of compressive
macrostress s displayed in Fig. 7.1. Fig. 7.1a shows that the H and the H/E" ratio of the Ti(Al,V)N film with columnar
microstructure increase from 22 to 31 GPa and 0.08 to 0.13, respectively, with increasing ¢ from -0.4 to -3 GPa. The
same behavior exhibit also the Ti(Al,V)N films with dense, non-columnar microstructure. H and H/E" ratio increase
from 8 to 30 GPa and 0.06 to 0.14, respectively, with increasing ¢ from -0.4 to -5.5 GPa but with a smaller increase
of H/E"at & ranging from -2 to -5.5 GPa than that in films with smaller compressive macrostress |o] < 3 GPa.

Main results displayed in Fig. 7.1 can be briefly summarized as follows

1. The magnitude of the hardness H of the film with low compressive macrostress |o] < 3 GPa strongly depend
on its microstructure. Films with columnar microstructure exhibit higher H compared with the films with
non-columnar microstructure. This difference is due to different values of Evi used in sputtering and relaxing
of o by an electron heating of the growing film during overshoots in pulsed sputtering, see Table 7.1 and
Ref. [17].

2. The hardness H of the film is a complex function of two competing parameters — the energy &b and
enhancement or relaxing o - which strongly influence its growth process and thus its structure,
microstructure, and mechanical properties, particularly its H/E" ratio and elastic recovery We, see Figs. 7.2
and 7.3 and Table 7.1. This is a reason why, for instance, the films with approx. same H exhibit different
microstructure (compare the films No. 1 and No. 3) or the films with a low compressive macrostress exhibit
different H, H/E, We, structure and microstructure (compare the films No. 1 and No. 4).
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Figure 7.1 The hardness H and H/E" ratio of the Ti(Al,V)N film with columnar and non-columnar microstructure as a function of
compressive macrostress o < 0. The open and full symbols denote films with low and enhanced resistance to cracking, respectively.

The energy &b strongly influences also the preferred orientation of sputtered Ti(Al,V)N films, see Fig. 7.2. In this
figure, the effect of Ebi on the structure of Ti(Al,V)N films deposited by DC and pulsed sputtering is illustrated. The
films with numbers 1, 2, 3, 4 are given in Fig. 7.1 and their physical and mechanical properties in Table 7.1.
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Figure 7.2 XRD patterns of the Ti(AlLV)N films with columnar microstructure (the films No.1 and 2) and with non-columnar
microstructure (the films No.3 and 4). The films with numbers 1,2,3,4 are given in Fig.1 and their physical and mechanical properties
in Table 1.

The microstructure of the Ti(Al, V)N film depends on the energy Ebi delivered to the growing film by bombarding ions.
The energy Ebi is calculated from measured values of substrate bias Us, substrate ion current density is and the film
deposition rate ap from the formula Ebi = Us x is/ap; more details are given in Ref. [20]. The films sputtered at low
energies Evi < 3 MJ/cm? have a columnar microstructure, see Fig. 7.3a. On the contrary, the films sputtered at high
energies Evi = 3 MJ/cm? have a non-columnar microstructure, see Fig. 7.3b. It is worthwhile to note that also the
films with dense, voids-free non-columnar can be soft if the compressive macrostress generated under high ion
bombardment at a high &b is simultaneously relaxed by a sufficiently high electron heating using the pulsed
sputtering with overshoots or the pulsed substrate bias Usp with alternating polarity of pulses [17], see the film No. 4
in Table 7.1.

The macrostress 6 and the microstructure of the sputtered film strongly influence also its resistance to cracking [19].
The effect of the microstructure of the Ti(AlLV)N film with a low compressive macrostress ¢ = - 0.4 GPa on its
resistance to cracking is illustrated in Fig. 7.4. The resistance of the film to cracking was assessed by the indentation
test in which the diamond indenter was impressed into the film surface under a high load L at which the film cracks
[20]. Longer cracks mean a weaker resistance to cracking. On the other hand, shorter cracks mean an enhanced
resistance to cracking.
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Figure 7.3 SEM images of a cross-section of the Ti(Al,V)N films with columnar microstructure (the films No. 1 and 2) and with non-
columnar microstructure (the films No. 3 and 4). The films with numbers 1,2,3,4 are given in Fig. 7.1 and their physical and
mechanical properties in Table 7.1.

Table 7.1 Physical and mechanical properties of four Ti(Al,V)N films denoted in Fig.1 as films No. 1, 2, 3, and 4.

Film  sputtering h U, is ap Ebi c H E" H/E" W, L., microstructure
No. process [nm] VI | [mA/em?] [nm/min  [M)/cm® [GPa] [GPa] [GPal [% [N

1 DC 2000 -20 0.7 17 0.5 -0.4 24.7 268 0.07 62 0.25 comulnar-voids
2 pulsed/100 kHz 2500 -20 1.8 22 2.2 -1.4 28.5 235 0.12 73 >1 comulnar-dense
3 DC 1200 -20 1.9 15 3 -1.9 23,5 187 0.13 80 >1 non-columnar
4  pulsed/350 kHz 1000 -100* 1.5 11 8.1 0.4 9.7 142 0.07 46 0.25 non-columnar

*pulsed discharge with strong overshoots
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Figure 7.4 LOM image of surface morphology of Ti(ALLV)N films after the indentation test. Measured Ti(ALV)N films exhibit
compressive macrostress o = - 0.4 GPa and (a) columnar microstructure (the film No. 1) or (b) non-columnar microstructure (the
film No. 4), respectively. Indentation test was carried out for load (a) L =0.25 N or (b) L = 0.75 N, respectively.

The surface morphology of the Ti(Al,V)N film with columnar and non-columnar microstructure after indentation test
at L =0.25 Nand L =075 N is displayed in Fig. 7.4a and 7.4b, respectively. From this figure, it is seen that the film with
columnar microstructure exhibits a low resistance to cracking. On the other hand, the film with non-columnar
microstructure with shorter cracks even at a high load L exhibits an enhanced resistance to cracking. This experiment
clearly shows that the film microstructure is a key parameter which decides on its resistance to cracking as shown in
Ref. [14,15,20].

7.4. Conclusions

Main results of this investigation can be briefly summarized as follows

1. The hardness H of the film increases with increasing compressive macrostress G.

2. The hardness H of the film is a complex function of two competing parameters: the energy & and
macrostress. Both parameters Evi and & influence the growth process of film and thereby also its structure,
microstructure, and mechanical properties.

3. The compressive residual macrostress ¢ leads to an apparent increase in hardness H and fracture resistance
of sputtered films.

4. The macrostress ¢ generated in the film during its growth can be simultaneously relaxed by the electron
heating using either a pulsed sputtering with overshoots or a pulsed bias with pulses of alternating polarity.
This way the different combination of mechanical properties of the film and its microstructure and
macrostress ¢ can be achieved.

5. Hard films with high ratio H/E* > 0.1, high elastic recovery We > 60%, dense, voids-free microstructure and
compressive macrostress ¢ < 0 exhibit an enhanced resistance to cracking.

6. The energy &b is a key parameter which makes it possible to create the films with prescribed properties in
the fully reproducible way.
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Abstract

This letter reports on the formation of hard TiN2 dinitride films prepared by magnetron sputtering. TiNz films were
reactively sputtered in an Ar +N2 gas mixture using a pulsed dual magnetron with a closed magnetic field B. The
principle of the formation of TiN2 film by magnetron sputtering is briefly described. The stoichiometry x = N/Ti of the
TiNx film was controlled by deposition parameters, and its maximum value of x = 2.3 was achieved. For the first time,
a possibility to form the TiNz dinitride films by magnetron sputtering has been demonstrated. Mechanical properties
of sputtered films were investigated in detail.

Keywords: TiN: dinitride film, Structure, Microstructure, Mechanical properties, Magnetron sputtering

8.1. Introduction

Recently, a great attention has been devoted to the formation of nitrogen-rich TMNy-1 transition metal nitrides with
the stoichiometry x = N/TM ranging from 1 to 2 [1- 10] and also with x =4 [2]. Theoretical studies of these materials
based on ab initio calculations show that these novel overstoichiometric nitrides should exhibit extraordinary
properties such as superhardness, electrical conductivity, and optical transparency, which originate from metal-
nitrogen charge transfer, the nature of the N-N bonds, and a mixture of ionic and covalent N-N bonds [11-14]. It was
reported that bulk titanium dinitrides were successfully synthesized under High Pressure and High Temperature of
(HPHT synthesis), i.e. using an equilibrium process [1, 4, 14-17]. For instance, The TiN2z dinitride material with bulk
modulus 360 - 385 GPa was synthesized from the titanium nitride flakes and N2 gas compressed to 73 GPa and heated
to 2400 K in a laser-heated diamond anvil cell [4]. Recently, it was reported that titanium dinitrides were prepared
also as TiNx=2 films at low pressures of about 0.3 Pa by the simultaneous action of a Ti evaporation by an arc
evaporator and a strong ionization of N2 gas in a gas-plasma source with a hot filament in a hollow cathode [18].

This article reports on the formation of overstoichiometric TiNx-1 titanium nitride films by magnetron sputtering i.e.,
on the formation of films prepared by a nonequilibrium deposition process running at an atomic level. A principle of
sputtering of TMNx-1 overstoichiometric nitride films are briefly described. Interrelationships between the
stoichiometry x, mechanical and electrical properties of TiNx films are investigated in detail.

8.2.  Principle of sputtering of TMNy»1 nitride films

The principle of formation of overstoichiometric TMNx-1 and TMNx=2 dinitride films by magnetron sputtering is based
on two non-equilibrium processes simultaneously running at atomic level: (1) the heating of the sputtered material
to high temperatures first at the substrate and later at the growing film in areas where sputtered atoms and
bombarding ions arrive with no or low substrate heating and (2) the pressing of heated areas at high pressures pra.
This can be achieved by a high energy £ delivered to the growing film by bombarding ions with energy Evi controlled
by the negative substrate bias Us and/or by considering fast neutral atoms sputtered from the target and arriving at
the substrate with energy Em of several electron-volts controlled by the sputtering gas presser p. Both energies Ebi
and/or Em are sufficient to heat areas of incident ions or atoms to very high temperatures T, easily exceeding 2500 K,
and simultaneously to press these areas at a high-pressure pua of about 300£Y2 GPa, where the energy Eis in electro-
volt [10]. The main problem in the formation of overstoichiometric TMNx-1 and TMNx=2 dinitride films by magnetron
sputtering is to increase the number nn of nitrogen atoms in the magnetron discharge to achieve a high ratio
nn/nmm > 1 which enables the formation of films with the stoichiometry x > 1 and x =2, respectively; here ntm is the
number of TM atoms in the sputtered film.
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8.3. Experimental

The TiNx1 films were reactively sputtered by a pulsed hybrid dual magnetron (HDM) in a mixture N2 + Ar. The HDM
consists of two different magnetrons M1 and M2 with a closed magnetic field B. The magnetron M1 is magnetron
with a very low sputtering of its target and the magnetron M2 is a standard, well sputtering magnetron. The low
sputtering of the magnetron M1 is achieved by extraction of the central magnet from the magnetron M1. By control
of the powers Pm1 and Pwz delivered into the magnetron M1 and the magnetron M2, respectively, it is possible to
increase ion bombardment of growing film by increasing the ion flux is while keeping the film deposition rate ap
constant, and in this way to sputter overstoichiometric TiNy films with the stoichiometry x = N/Ti > 1. The increase in
is at constant ap is achieved by increasing the power Pw1 delivered into the magnetron M1 and keeping the power
Pwm2 delivered into the magnetron M2 constant. More details are given in Ref. [10].

The TiNx1 films were reactively sputtered in an N2 +Ar mixture by pulsed HDM powered by a pulse power supply
AE Pinnacle Plus + 5/5 kW (Advanced Energy, Inc.) and operated in a synchronous pulse mode at the repetition
frequency fr = 1/T = 20 kHz and duty cycle t/T = 0.99 onto Si (100) substrates in a deposition chamber evacuated to
a base pressure po = 1 x 103 Pa. A small amount of Ar of about 20% was added to N2 gas to start the magnetron
discharge at low values of sputtering gas. The elemental composition of the TiNy1 films on the Si substrate was
analyzed in a scanning electron microscope (SU-70, Hitachi) operated at a primary electron energy of 15 keV using
energy dispersive spectroscopy (EDS, UltraDry, Thermo Scientific) and wave dispersive spectroscopy (WDS,
Magnaray, Thermo Scientific). The pure metal standard was used for the determination of Ti concentration. The
nitrogen concentration was calculated as the difference to 100% wt. using a combined WDS and EDS analysis, since
there is an inevitable peak overlap of Ti and N x-Ray peaks. The data were measured in the depth of about 600 nm
under the film surface with an accuracy of £10%.

8.4. Results and discussion

As an example, properties of two sputtered overstoichiometric TiNx-1 films are reported in detail. Deposition
parameters, elemental composition, mechanical properties, macrostress o and electrical resistivity p of these TiNx-1
films are summarized in Table 8.1.

From Table 8.1 we can observe the following

e The overstoichiometric TiNx-2.3 can be sputtered by pulsed HDM at a low total pressure pr = 0.17 Pa. This
strongly overstoichiometric TiNx=23 film is created thanks to a high energy Evi = 8.2 MJ/cm? delivered to it
by bombarding ions and developing a very high-pressure pna= 1340 GPa in place of their incidence [10]. The
energy was calculated from the formula Evi = Us x is/ap; here, Us and Is are the substrate bias and substrate
ion current density, respectively [20]. This experiment demonstrates that the formation of TiNx-2 dinitride
films by magnetron sputtering is possible.

e The decrease of the total gas pressure pr from 0.30 to 0.17 Pa and mainly the increase of the powers Pwm1
and Pm2in the magnetron M1 and M2, respectively, increasing an ionization of N2 gas results not only in an
increase of the stoichiometry x = N/Ti of the TiNx film but also in a decrease of its hardness H, elastic recovery
We and H/E" ratio.

e The overstoichiometric TiNx=2.3 film exhibits high hardness H = 16 GPa, high elastic recovery We = 69 % and
high ratio H/E" = 0.1.

e  Both overstoichiometric films, TiNx-1.4 and TiNx=2.3, are well conductive and exhibit a low electrical resistivity
p=15x10%Qcm.
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Table 8.1 Deposition parameters, elemental composition, mechanical properties, macrostress o and electrical resistivity p of two
overstoichiometric TiNys; films sputtered by pulsed HDM at Ts = 450°C, Us = -20 V, is = 4.5 mA/cm?, ap = 6.6 nm/min,
Epi = 8.2 MJ/cm3, ds.+ = 80 mm and pr = pn2+ par = Pz Gs a function of pr.

Film pr  Pwi Pwa h N Ti x H E" W, H/IET o p
No. [Pa] [W] [W]  [nm] [at. %] [at.%] N/Ti [GPa] [GPa] [%] [GPa] [Qcm]
1 0.30 460 300 1000 585 415 1.4 255 190 84 013 -16 1.3x10"
2 0.17 528 380 1400 70 30 2.3 16 163 69 0.10 -1.7 1.6x10™*

The structure of these overstoichiometric TiNx-1 films, characterized by XRD diffraction, is displayed in Fig. 8.1. From
this figure, it is seen that both films, TiNx=1.4 and TiNx=2.3, sputtered at Ts = 450°C and Us = -20V are polycrystalline and
their crystallinity improves with decreasing sputtering gas pressure pr and increasing sputtering power. The decrease
in sputtering gas pressure results in two effects: (1) the decrease in collisions between ions and neutral atoms in the
substrate sheath with the sheath voltage Ush = Up - Us and thereby the increase in the energy &i of incident ions and
(2) the bombardment of the growing film by fast neutral atoms, which deliver further additional energy Em to Ebiinto
the growing film; here, Uy is the plasma potential. Both the increase in & and the energy Eui contribute to the
improvement of the film crystallinity.
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Figure 8.1 XRD patterns of the overstoichiometric TiNy; films with stoichiometry x = 1.4 and 2.3.

The microstructure of the overstoichiometric TiNx1 films with x = 1.4 and 2.3 characterized by SEM is displayed in
Fig. 8.2. The microstructure of the TiNx=1.4 is non-columnar. On the other hand, the microstructure of TiN23 film
exhibits a dense, voids-free columnar microstructure. Despite this difference in microstructure both
overstoichiometric TiNw1 films exhibit an enhanced resistance to cracking. It is due to their high ratio H/E" > 0.1 and
high elastic recovery We > 60%; more details on an enhanced resistance to cracking of films with a dense, voids-free
columnar microstructure is given in the reference [19].
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x=1.4 x=2.3

Figure 8.2 SEM images of a cross-section of overstoichiometric TiNy>1 films with moderately and strongly enhanced stoichiometry
x = N/Ti: (a) the moderately overstoichiometric TiNy=1.4 film and (b) the strongly overstoichiometric TiNy=3.3 film.

The stoichiometry x of the TiNx film strongly influences also its color, see Fig. 8.3. The stoichiometric TiNx=1 film is
golden yellow. On the other hand, a strongly overstoichiometric TiNx=2.3 film is brown.

TiN,

x=1.0 Xx=2.3

(a) (b)

Figure 8.3 Color of TiNy films with two different values of stoichiometry x. (a) The stoichiometric TiNy-1 film with golden like color
and (b) the strongly overstoichiometric TiN-2 3 film with brown color.
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8.5. Conclusions

Main results of a reported investigation of strongly overstoichiometric TiNx1 films can be briefly summarized as
follows

1. The strongly overstoichiometric TiNx-1films and TiN2 dinitride films can be created by a pulsed magnetron if
sputtering of its Ti target is reduced and the nitrogen gas is strongly ionized. This sputter deposition process
can be realized by a hybrid dual magnetron or in a sputtering system equipped with a standard magnetron
and a low-pressure source of strongly ionized nitrogen gas, for instance, a low-pressure arc [18].

2. The TiNx=23 film with high values of the hardness H = 16 GPa, ratio H/E* = 0.1, We = 70%, dense, voids-free
microstructure and low compressive macrostress ¢ = -1.7 GPa were sputtered by the hybrid dual magnetron
at extremely high energy Evi= 8 MJ/cm? delivered to growing film by bombarding ions.

3. The high value of Eui is a necessary condition for the creation of strongly overstoichiometric TiNx1 films

because it develops a very high-pressure pua =~ 1340 GPa in place of incidence of arriving ions [10].
4. Overstoichiometric TiNx1 films are highly flexible films exhibit an enhanced resistance to cracking.

5. The TiNx-23 film is brown compared with golden stoichiometric TiNx-1 film and is well electrically conductive
(p=1.7 x10* Qcm).
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9. Main obtained results

This Ph.D. thesis is dedicated to the preparation and characterization of the multifunctional metal nitride thin films.
The obtained results can be briefly summarized as follows:

1. The energy E, which is a result of the combination of many parameters used in the deposition of the film, is
a key parameter determining its final physical and functional properties. The validity of this statement was
demonstrated on the evolution of the texture, microstructure, mechanical properties, resistance to cracking
and macrostress of the Ti(Al,V)N nitride films with increasing energy £ delivered in them during their growth.
It was found that:

a) The energy £ delivered in the growing film at high sputtering gas pressures (p > 1 Pa) is dominated
by bombarding ions (€ = Ebi). On the other hand, the energy £ supplied to the growing film at low
sputtering gas pressures (p < 1 Pa) can be delivered either by the bombarding ions and/or fast
neutrals Emn (€ = Evi + Em).

b) The texture of the Ti(Al,V)N nitride films varies from the TiN(200) crystallographic orientation to
the TiN(220) one with increasing energy E.

c) The hardness H, effective Young’s modulus E*, elastic recovery We, H/E" ratio and compressive
macrostress (¢ < 0) in the Ti(ALV)N nitride films increase with increasing energy E.

d) The columnar microstructure of the film varies from a columnar microstructure to a dense,
voids-free microstructure with increasing energy .

e) The films with the columnar microstructure and highly packed columns exhibit the compressive
macrostress (o < 0). It means that the line ¢ = f(p) = 0 is not the borderline between the zone 1 and
the zone T in the Thornton’s Structural Zone model (SZM) as it is reported so far but it lies inside
the zone 1.

f) The compressive macrostress (¢ < 0) in the film generated during its growth can be decreased
during its growth by an electron bombardment realized either by the pulsed substrate bias Usp with
alternating negative and positive pulses or by the pulsed sputtering of the film at high repetition
frequencies of pulses f.

2. The values of the plasma U, and floating Un potential in magnetron discharges (i) strongly differ when a
single magnetron or a dual magnetron is used, and (ii) strongly depends on the electrical connection of the
power supply to the dual magnetron. Different values of the U, and Us result in a great difference in the
energy £ delivered into the growing film, and therefore in different properties of sputter deposited films.
The pulsed dual magnetron operating in an asynchronous regime ensures full reproducibility of the plasma
and floating potential in generated discharge.

3. The strongly over-stoichiometric TiNx=2 films can be deposited by magnetron sputtering if (i) intensive
dissociation and ionization of nitrogen gas, and (ii) reduction of sputtered Ti target atom are achieved. The
high value of the energy of bombarding ions Evi > 8 MJ/cm? is the necessary condition for the creation of
strongly over-stoichiometric TiNx=2 films.
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Abstract

The Ph.D. thesis is dedicated to reactive magnetron sputtering of flexible hard coatings, and it is divided into 9 main
chapters.

Chapter 1 is introduction focusing on the energy £ delivered into the coating during the deposition, as the main
parameter which controls the property of the deposited coating. The control of the energy £ is outlined.

Chapter 2 shows the main aims of the Ph.D. thesis. Chapters 3 — 8 shows the results of the thesis in the form of
already published articles.

Chapter 3 reports on the effect of the energy &b, delivered to the sputtered Ti(Al,V)N coating by bombarding ions,
on its microstructure, macrostress, mechanical properties, and resistance to cracking. It was shown that (1) the
increase of the energy Ebi makes it possible to convert (i) the film microstructure from columnar to dense, non-
columnar, (ii) the macrostress from tensile to compressive (iii) the brittle hard coatings to the flexible hard coatings.
(2) The flexible hard Ti(Al,V)N coatings with high ratio H/E" > 0.1, high We > 60% and o < 0 can be formed not only in
the Transition Zone T but also in Zone 1 in which the films exhibit a columnar microstructure. (3) The line
corresponding to the films with zero macrostress lies in Zone 1 corresponding to the columnar microstructure.

Chapter 4 reports on the effect of the energy £ = Evi + Em of bombarding ions Ewi and/or fast neutrals Em on its
physical and mechanical properties, and resistance to cracking. It was shown that (1) The energy £ is a key parameter
controlling the properties of sputtered Ti(Al,V)N coatings. (2) The structure of coatings varies from TiN(200) to
TiN(220) with increasing energy €. (3) The coatings with H/E* > 0.1, We > 60% and dense microstructure exhibit an
enhanced resistance to cracking and are produced when a sufficient energy £ is delivered to the growing coating. (4)
The energy Emn makes it possible to sputter crystalline coatings on dielectric substrates held on a floating potential.

Chapter 5 reports on the plasma Uy, and floating Un potentials in magnetron discharges. It is shown that (1) the
differences in Up and Us result in strongly different properties of the coatings sputtered by single and dual
magnetrons at the same power delivered to the magnetron discharge. (2) In the DC single and dual magnetron
discharges, the Upand Us depend on the electric conductivity of the surface of the grounded deposition chamber. (3)
The pulsed dual magnetron sputtering system enables to sputter coatings with fully reproducible properties.

Chapter 6 reports on the effect of the energy £ delivered into the growing Ti(Al,V)N coatings on its macrostress,
microstructure, mechanical properties and resistance to cracking. It is shown that (1) the compressive macrostress
can be reduced either by the pulsed bipolar substrate voltage Usp or the electron and ion bombardment during
overshoots in the pulsed magnetron sputtering. (2) For formation of flexible coatings, the high compressive
macrostress is not needed when coatings exhibit high ratio and non-columnar microstructure.

Chapter 7 reports on the influence of a compressive macrostress in the Ti(Al,V)N coatings on their mechanical
properties, structure, microstructure, and resistance to cracking. The macrostress is controlled by the energy Ebi. It
is shown that (1) the compressive macrostress increases the hardness H and the ratio H/E" of the coatings. (2) The
coatings exhibit a dense non-columnar microstructure when the energy Ei > 3 MJ/cm3. (3) The enhanced resistance

to cracking of the coatings is controlled by its mechanical properties, microstructure, and macrostress c.

Chapter 8 reports on the formation of TiN2 dinitride coatings. For the first time, a possibility to form the TiN2 dinitride
coatings by magnetron sputtering has been demonstrated. The principle of the formation of TiN2 coatings is briefly
described. Mechanical properties of sputtered coatings were investigated in detail.

Chapter 9 contains the main obtained results of the Ph.D. thesis.
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Resumé

Disertacni prace je zamérena na reaktivni magnetronové naprasovani tvrdych flexibilnich povlak( a je rozdélena na
9 hlavnich kapitol.

Kapitola 1 je Gvod se zaméfenim na energii £ dodanou do povlak(l béhem depozice jako hlavniho parametru, ktery
ovliviiuje vlastnosti deponovanych povlakl. Déle jsou zminény moznosti kontroly energie £.

Kapitola 2 ukazuje hlavni cile disertacni prace. Kapitoly 3 — 8 ukazuji vysledky prace ve formé jiz publikovanych ¢lanka.

Kapitola 3 pojednava o vyvoji mikrostruktury a vnitfniho pnuti u tvrdych Ti(Al,V)N nitridovych povlakl pfipravenych
magnetronovou depozici v zavislosti na energii iontového bombardu Evi dodané béhem jejich rlstu. Bylo zjisténo, Ze:
(1) Navyseni energie Evi dodané do povlakl umozni: (i) preménu sloupcovité mikrostruktury na zhusténou, (ii) zménu
tahového pnuti na pnuti tlakové, (iii) pfechodu od kiehkych povlak s nizkym pomérem H/E* < 0.1 a nizkou elastickou
vratnosti We < 60 % k ohebnym materialdm s vysokym pomérem H/E" > 0.1 a vysokou elastickou vratnosti We > 60
%. (2) Tlakové vnitini pnuti se u ohebnych povlakl muGZe vytvaret vZéné T i vZéné 1. (3) Linie korespondujici
s nulovym stresem (o = 0) leZi v Zéné 1 (povlaky se sloupcovitou strukturou).

Kapitola 4 pojednava o efektu energie bombardujicich iontl (Ewi) a rychlych neutrdld (Em) dodané do Ti(Al,V)N
nitridovych povlakld béhem depozice na jejich strukturu, mikrostrukturu, mechanické vlastnosti a odolnost proti
vzniku trhlin. Bylo prokdzéano, Ze: (1) energie € = Evi + Emn dodana do povlakl béhem jejich rlstu je kliCovy parametr
rozhodujici o vlastnostech povlak(. (2) Struktura povlak(l se méni z TiN(200) na TiN(220) se zvétsujici se energii E.
(3) Povlaky vykazujici H/E" > 0.1, We > 60 % a zhu$ténou strukturu také vykazuji zvy$enou odolnost proti vzniku trhlin.
(4) Pomoci energie rychlych neutrdll En je mozné pripravit flexibilni povlaky na nevodivém podkladu.

Kapitola 5 pojedndva o rozdilu mezi plazmovym U, a plovoucim Us potencidlem béhem magnetronového vyboje. Je
ukazano, ze: (1) rozdily v Up a Usn vyUsti v rozdilné vlastnosti pfipravovanych povlaki v zavislosti na tom, zda povlaky
byly pfipravovany pomoci jednoduchého ¢i dudiniho magnetronu, (2) v ptipadé vyboje vytvareného stejnosmérnym
proudem je velikost Up a Us silné zavisla na vodivosti uzemnéné depozi¢ni komory a (3) pulzni dudini magnetronovy
systém umoznuje vytvaret povlaky s reprodukovatelnymi vlastnostmi.

Kapitola 6 pojedndva o efektu energie £ dodané do Ti(Al,V)N povlakli na jejich tlakové pnuti, mikrostrukturu,
mechanické vlastnosti a odolnost proti vzniku trhlin. Je ukazano, Ze: (1) tlakové pnuti mGze byt redukovano pomoci
pulzniho bipolarniho napéti Us, na substratu, nebo pomoci pulzniho kladného napéti na magnetronech.
(2) Vykazuji-li vrstvy vysoky pomér H/E" a zhuténou strukturu, pak vysoké tlakové pnuti neni nutna podminka pro
vytvareni povlakll se zvySenou odolnosti proti vzniku trhlin.

Kapitola 7 shrnuje vliv tlakového pnuti u Ti(Al,V)N nitridovych povlakli na mechanické vlastnosti, mikrostrukturu a
odolnost proti vzniku trhlin. Tlakové pnuti bylo kontrolovano energii Ev dopadajicich iontd do vrstev béhem jejich
rGistu. Je ukazano, 7e: (1) tlakové pnuti zvy$uje tvrdost H a pomér H/E". (2) Povlaky s hustou mikrostrukturou a se
zvy3enou odolnosti proti vzniku trhlin jsou deponovany pfi Ewi > 3 MJ/cm3. (3) Odolnost proti vzniku trhlin Ti(ALV)N
povlakl je kontrolovana jejich mechanickymi vlastnostmi, mikrostrukturou a tlakovym pnutim.

Kapitola 8 pojednava o formaci tvrdych TiN2 nitridovych povlakd. Poprvé byla demonstrovdana moznost vytvoreni
TiN2 povlak(l pomoci magnetronové depozice. Jsou popsany podminky, za kterych dochazi k formovani povlak( TiNa.
Mechanické vlastnosti deponovanych povlaktl jsou detailné diskutovany.

Kapitola 9 je vénovana hlavnim dosazenym vysledkdm.
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LETTERS

Evolution of microstructure and macrostress in sputtered hard Ti(Al,V)N
films with increasing energy delivered during their growth by bombarding
ions

Jindfich Musil,? Martin Jaros, Radomir Cerstvy, and Stanislav Haviar
Department of Physics and NTIS—European Centre of Excellence, University of West Bohemia, Univerzitni 8,
CZ-306 14 Plzen, Czech Republic

(Received 10 September 2016; accepted 1 November 2016; published 15 November 2016)

This letter reports on the effect of the energy Ey;, delivered to the sputtered Ti(Al,V)N film by
bombarding ions, on its microstructure, macrostress ¢, mechanical properties, and resistance to
cracking. The films were deposited by reactive magnetron sputtering. Interrelationships between
these parameters were investigated in detail. It was shown that (1) the increase of the energy &y
makes it possible to convert (1) the film microstructure from columnar to dense, noncolumnar, (2)
the macrostress ¢ from tensile (¢ > 0) to compressive (¢ <0), (3) the brittle hard film with low
ratio H/E" < 0.1 and low elastic recovery W, < 60% to the flexible hard film with high ratio
H/E">0.1 and high elastic recovery W, > 60%, (2) the flexible hard Ti(Al,V)N films with high
ratio H/E" > 0.1, high elastic recovery W, > 60%, and compressive macrostress can be formed not
only in the transition zone (zone T in which the films exhibit a dense, voids-free microstructure) of
the Thornton’s structural zone model (SZM) but also in zone 1 in which the films exhibit a colum-
nar microstructure and (3) the line corresponding to the films with zero macrostress (¢ =0) in the
SZM lies in zone 1 corresponding to the columnar microstructure; here, H is the film hardness and
E'= E(1 — 1/2) is the effective Young’s modulus, E is the Young’s modulus, and v is the Poisson’s
ratio. © 2016 American Vacuum Society. [http://dx.doi.org/10.1116/1.4967935]

I. INTRODUCTION case of a collisionless, fully ionized plasma, the energy Ep;
. . .28,45-47
Recently, the hard nanocomposite films with enhanced can be expressed in the following form:
hardness and unique properties, for instance, the films with 3 . .
i J = US_U N ~ Us S . 1
high temperature stability and oxidation resistance consider- Euill/em’] = (U= Up) is/ap ~ (Usis) /ap M)
ably higher than 1000 °C, high erosion resistance, high elec- Equation (1) clearly shows two important facts. The

trical conductivity, high optical transparency, etc., have been energy Ey; delivered to the growing film by bombarding ions
developed.'™ The detailed investigation of correlations (1) can be easily calculated from measured deposition
between the physical and mechanical properties of these films parameters (U, i) and the film deposition rate ap = h/ty cal-
has shown that it is also possible to create the flexible films 1104 from the measured film thickness h and the deposi-

. . . . 36-44
which are 51mu1.ta.neous.1y hard. and resistant to cracking. tion time t and (2) strongly depends not only on U, and i,
Such films exhibit a high ratio of the hardness H and the . . .

but also on ap. The second fact is of extraordinary impor-

effective ;Oinégosq modulus E (H/E ZtO.l), hlgg ela;tlc tance in (1) the reactive sputtering of compounds and (2) the
recovery We > 60%, compressive macrostress (¢ <0), and a high-rate sputtering of films because the energy &y; deliv-

dense voids-free microstructure; here, E*:E/(l — uz), E is . . .
the Young’s modulus and v is the Poisson’s ratio 28.45.46 ered to the growing film deceases with increasing ap.

These properties of flexible hard films can be achieved by The main aim of this letter is to report on results of the

L - . . detailed investigation of the correlations between the micro-
optimization of the deposition parameters used in sputtering. . .
. . .. structure, structure, macrostress ¢, and resistance against crack-
In this article, it is demonstrated that these parameters are

well controlled by the energy &y delivered to the growing ing of the Ti(AL V)N film sputtered as a function of the energy

film by bombarding ions. It is shown that the Ti(Al,V)N films & delivered to it by bombarding ions during its growth.
exhibit (1) a columnar microstructure and low resistance to

cracking when sputtered at low energy Ey; and (2) a dense, Il. EXPERIMENT

voids-free microstructure and an enhanced resistance to

. . . The Ti(AL V)N, fil tter deposited i ixt f
cracking when sputtered at high energy £,. In the simplest e Ti( ) NS Were sputter Cepostied In a mixture o

Ar+ N, sputtering gases using a DC dual magnetron with
closed magnetic field equipped with a TiAlV (6at. % Al
“Electronic mail: musil@kfy.zcu.cz 4at. % V) alloy target of diameter f =50 mm. Magnetrons
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gbi were tilted to the normal of the substrate surface at the angle of
substrate 3 20°. The films were sputtered on Si(111) and Mo substrates at
Si(111) (MJ/em’] the discharge current Iy =0.5 A, target power density W, =14

i Uy/S=~10 W/cm?, substrate temperature Ty = 500 °C, substrate
\ bias U; ranging from 0 to —100 V, substrate-to-target distance

0.0

.. ds =60mm, partial pressure of nitrogen py, =0.8Pa, and
total pressure of sputtering gas pr=par+ pPnp = | Pa; here
0.5 Uy is discharge voltage and S is the area of the target.
el = The Ti(AL V)N, films sputtered under these conditions are
crystalline and almost stoichiometric x =N/(Ti+ Al+ V) ~ 1
18 (see Fig. 1).

J The film thickness h and the macrostress ¢ were measured
<)
I
~

intensity [a.u.]

4.9 by a DEKTAK 8 Stylus Profiler, Veeco. The film structure
was characterized by an XRD spectrometer PANalytical
X’Pert PRO in the Bragg-Brentano configuration using
CuKo radiation (4=0.154187 nm). The mechanical proper-
ties were determined from load versus displacement curves
measured by a Fisherscope H 100VP with a Vickers dia-
50 60 7 80 mond indenter at load L =20 mN at d/h < 0.1; here, d is the
diamond impression in the film at L =20 mN. The resistance
20 [degree] of the Ti(ALV)N film to cracking was assessed by the inden-
Fic. 1. (Color online) Evolution of XRD paiterns of Ti(ALV)N films  tation test in which the diamond indenter was impressed in
with increasing energy &, delivered to them during their growth by bom- the film at high load L = 1 N; for more details, see Ref. 46.
barding ions. Deposition parameters: Ij=0.5A, T;=500°C, W,~10W/
cm?, pN, =0.8 Pa, pr=pa,+ pN, = | Pa, and U ranging from 0 to —100 V. Ill. RESULTS AND DISCUSSION

Physical and mechanical properties of these films are given in Table 1.

H

4 (111)

S — (200)
(311)
1.(222)

S —i

30

The interrelationships between the mechanical properties
(H, E*, W,, and H/E") of the Ti(ALV)N film, its macrostress

MICROSTRUCTURE

ZONE 1: columnar ZONE T: featureless

RESISTANCE TO CRACKING

low ! enhanced
H/E <0.1, W_<65%, | OH/E>01,W >65%
c>0and|c| <1GPa | 6 <0GPa
o
Q | !
S .1 densely packed columns
b 3 :' 1/ without voids
a TENSION | I
L [
k7S 0 I | s
(o)
5 ESSION
2 g,=1U)
]
g
Q.
IS
3

a) b) c) d)

FiG. 2. (Color online) Schematic illustration of the interrelationships between the microstructure, mechanical properties, macrostress ¢ of the Ti(Al,V)N film,
its resistance to cracking, and the energy &y, delivered to the growing film by bombarding ions in the DC reactive magnetron sputtering. (a) The film no. 1, (b)
the film no. 2, (c) the film no. 3, and (d) the film no. 4 (see Table I).
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d)

FiG. 3. (Color online) Evolution of the microstructure, the surface morphology with the diamond indenter impression at load L = 1 N and the macrostress ¢ of
the Ti(ALV)N film with increasing energy Ep;. (a) Eni=0MJ/cm’, ¢ =0GPa, (b) E,i=0.5MJ/cm®, 6 = —0.4 GPa, (c) £y, = 1.8 MJ/cm’, ¢ = —2.5 GPa, and

(d) Ei=4.9MJ/em?, 6 = —5.5 GPa.

g, microstructure, resistance to cracking, and the energy Ey;
delivered to the growing film by bombarding ions were inves-
tigated in detail. These interrelationships are schematically
illustrated in Fig. 2. Figure 2 displays the evolution of the
microstructure, mechanical properties, and the TEM cross-
sectional images of the Ti(ALV)N film with increasing
energy Ey;. Figure 3 displays the evolution of the surface
morphology of the Ti(ALV)N films after the indentation at
high load L = 1 N with increasing energy &\,. Figure 4 shows
the transition of the films with a columnar microstructure to
the films with a dense, voids-free microstructure with increas-
ing energy Ey,;. The physical and mechanical properties of
these films are given in Table 1.

Main conclusions which can be drawn from Figs. 2 and 3
and Table I are the following:

(1) The density of the Ti(AlL,V)N film microstructure and the
macrostress ¢ both increase with increasing energy Ey;.
The microstructure gradually changes from columnar
with voids [Fig. 2(a)] to a dense, voids-free microstruc-
ture without columns [Fig. 2(d)]. The increase of the

energy &y, results in an increased mobility of the con-
densing atoms at the surface of the growing film, the
microstructure densification and a transition from films
with a columnar microstructure to films with a dense,
voids-free microstructure.

(2) The Ti(ALV)N films with a columnar microstructure can
exhibit not only tensile macrostress (¢ > 0) but also com-
pressive macrostress (o <0). The compressive macro-
stress arises when the columns are in a strong contact.

(3) The Ti(Al,V)N films with a columnar microstructure and
a weak contact between columns (the low compressive
macrostress |g| — 0), however, exhibit low resistance to
cracking, see the cracks on the photo in Fig. 3(b).
Responsible for the cracking of this films are: (1) the
columnar microstructure, (2) the low ratio H/E" < 0.1,
(3) the low compressive macrostress |g| < 0.5 GPa and
(4) the low elastic recovery W, ~ 60% (see Table I).

(4) The Ti(ALLV)N films with a dense microstructure {the
very densely packed columns [Fig. 2(c)] and the feature-
less microstructure without columns corresponding to
zone T of the Thornton’s structural zone model

ION BOMBARDMENT (€, )
atp, = const. and Ty / T,y = const.

o =0GPa

tenm

compression

ATOMIC SCALE HEATING (5fn) —

FiG. 4. (Color online) Schematic illustration of two dimensional (2D) Thornton’s SZM showing that the line corresponding to the films with zero macrostress
(6 =0) lies in zone 1. €y, and &, denote the energy delivered to the growing film by fast neutral particles, i.e., by bombarding and condensing fast atoms, and

bombarding ions, respectively.
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TaBLE I. Physical and mechanical properties of Ti(Al,V)N; films sputtered by the DC magnetron at [;=0.5A, W~ 10 W/em?, Ty=500°C, dy,=60mm,

pN, =0.8 Pa, and pr= 1 Pa as a function of the substrate bias Uj.

Filmno. &, MJ/em®) Ug(V) is(mA/em®) ap(nm/min) h(m) H(GPa) E"(GPa) W.(%) H/[E o (GPa) Microstructure

1 0 0 0 12.8 1700 25.2 260 64 0.097 ~0.0 Columnar with voids
2 0.5 —20 0.7 16.7 2000 24.7 268 62 0.092  —04  Columnar with voids
3 1.8 —50 0.9 16.2 2100 32.6 275 76 0.119  —2.5  Columnar, voids-free
4 49 —100 1.1 13.7 1400 30.1 240 79 0.125 =55 Dense, voids-free

(SZM)*8:4 [Fig. 2(d)]} exhibit enhanced resistance to
cracking. These films are characterized by (1) a dense
voids-free microstructure, (2) the high ratio H/E">0.1,
(3) the high compressive macrostress |o| > 0.5 GPa, and
(4) the high elastic recovery W, > 70%.

(5) The highest energy of 4.9 MJ/cm® cannot be considered as
the optimal energy because the Ti(ALLV)N film sputtered
at Ep; = 4.9 MJ/cm” already exhibits too high compressive
macrostress ¢ = —5.5 GPa, which may result in the film
delamination from the substrate when the film is too thick.
The films with high ratio H/E" > 0.1, high elastic recovery
W.>60%, a dense, voids-free microstructure, and a
lower compressive macrostress (6 = —2.5 GPa) are good
flexible, hard films with enhanced resistance to cracking.

In Fig. 2, €. denotes the critical energy £}, at which the
sputtered films exhibit zero macrostress (6 =0). The critical
energy £, depends on the elemental composition of the film
and the ratio T/T,,,; here, Ty is the substrate temperature and
T, is the melting temperature of the film’s material.***> The
films sputtered at low energies (€, <&.) exhibit tensile
stress (0 >0) and the films sputtered at high energies
(Epi > E.) exhibit compressive stress (g <0). Our experi-
ments show that the line o =f(ps,) corresponding to the
films with zero macrostress (¢ =0) in the Thornton’s SZM
(Refs. 48 and 49) lies in zone 1, see the curve in Fig. 4. It
means that the films with a columnar structure can exhibit
also compressive stress (6 < 0). In the case when the value
of the compressive macrostress (o <0) is low, the film
with a columnar microstructure easily cracks. This fact was
confirmed also in the paper of Pei er al.>® in which the crack-
ing of the TiC/a-C:H films with a columnar microstructure
sputtered at a quite high negative substrate bias U;=—100V
is reported. In the case when the value of the compressive
macrostress is sufficiently high the films with a columnar
microstructure exhibit strongly enhanced resistance to crack-
ing. The blue straight line in Fig. 4 shows the evolution of
the film microstructure from columnar to dense, voids-free
with increasing ion bombardment (£},;) at constant values of
Ar pressure pa, and Ty/T, ratio.

IV. CONCLUSIONS

In summary we can conclude that (1) the flexible hard
Ti(AL V)N films with enhanced resistance to cracking can be
formed when the energy Ey; delivered to them during their
growth is greater than the critical energy £.; (2) the critical
energy £, depends on the elemental composition of the film

J. Vac. Sci. Technol. A, Vol. 35, No. 2, Mar/Apr 2017
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and the ratio TyT,; (3) the flexible hard Ti(Al,V)N
films exhibit high ratio H/E" > 0.1, high elastic recovery
W, >70%, compressive macrostress (¢ <0), and dense,
voids-free microstructure; (4) the flexible hard films with
columnar voids-free microstructure can be also formed when
these films exhibit the compressive macrostress (g < 0); (5)
the formation of flexible hard Ti(AL, V)N films can be effi-
ciently controlled by the energy £y, delivered to them during
their growth by bombarding ions; and (6) the line ¢ =f{(p)
corresponding to the films with zero macrostress (g =0) lies
in zone 1 of the Thornton’s SZM in which films with colum-
nar microstructure are created. All these conclusions are of
general validity and were confirmed already in nine different
material coating systems.>*™** Obtained results deepen the
present state of the knowledge in the field and represent a
huge application potential.
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Available online 8 September 2017 by reactive magnetron sputtering. The films were sputtered onto Si(111) and Mo substrates in a mixture Ar + N,

gases by a dual magnetron with closed magnetic field and equipped with TiAIV (6 at.% Al, 4 at.% V) alloy targets. It
was shown that (1) The energy ¢ is a key parameter controlling the physical and mechanical properties, and the

Keywords:
Ti(};\vlli V)N, films resistance to cracking of sputtered Ti(ALV)Ny films, (2) The structure of Ti(Al V)N films varies from TiN(200) to
Structure TiN(220) with increasing energy &, (3) The Ti(ALV)Ny films with high ratio H/E* 0.1, high elastic recovery W,

>60% and dense voids-free microstructure exhibit an enhanced resistance to cracking and can be produced only
in the case when a sufficient energy ¢ is delivered into the growing film either by bombarding ions or by
bombarding fast neutrals and (4) The energy &g, makes it possible to sputter crystalline films onto dielectric sub-

Microstructure
Mechanical properties
Energy

Magnetron sputtering

strates held at a floating potential Us = Ug.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that properties of thin films are determined by their
elemental and phase composition (crystalline phase, amorphous phase
or mixture of crystalline and amorphous phase), structure (size of
grains and their crystallographic orientation), and microstructure (po-
rous/columnar, dense/voids-free). Up to now, the properties of the
thin film have been controlled by different deposition parameters,
such as the power P of the magnetron discharge, the film thickness h,
the substrate temperature Ts, the substrate bias U, the substrate ion
current density i, the flux of ions v; incident on the substrate, the
deposition rate ap of the film, the substrate-to-target distance d_, the
partial pressure of the argon pa, the reactive gas pgg and the total pres-
sure pr = par + Drg Of sputtering gas mixture, etc., used in its formation.
There are a huge number of papers devoted to the investigation of the
relationships between the deposition parameters of the film and its
structure [1-12], microstructure [8-26], phase and elemental composi-
tion [2-5,15-20], macrostress [4-9,18-22], physical and functional
properties [1-28]. A set (combination) of many deposition parameters
must be always selected in sputtering of the film. The problem in this
approach is the fact that a correct combination of the deposition param-
eters necessary to form the film with prescribed properties is unknown.
Different combinations of deposition parameters result in different

* Corresponding author.
E-mail address: jarosm@kfy.zcu.cz (M. Jaros).
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0257-8972/© 2017 Elsevier B.V. All rights reserved.

energy ¢ delivered into the growing film, which is difficult to predict.
It means that the main parameter which really controls the film proper-
ties is the energy # and thereby the correlations between the properties
of the film and the energy & are of a key importance [29-39]. Therefore,
an opposite approach in the development of new films should be used.
At first, correlations between the film properties and the energy &
should be found. Then, based on this knowledge the necessary deposi-
tion parameters which ensure the formation of the films with pre-
scribed properties should be determined.

In the simplest case of a collision-less, fully ionized plasma the ener-
gy &p; can be expressed in the following form [33,39].

Epi[]/em?] = (Up-Us)is/ap at Up>Us (1)

Here, Uj, is the plasma potential, U; is the substrate bias, i is the sub-
strate ion current density and ap, is the deposition rate of film. Under the
assumption that |U,, | < |Us |, which is well fulfilled in many experi-
ments, Eq. (1) can be simplified into the following simple form.

Epi [J/em?] = (|Uslis) /ap (2)

Eq. (2) clearly shows two important facts. The energy &, delivered
into the growing film by bombarding ions (1) can be easily calculated
from the measured deposition parameters (U, is) and the film deposi-
tion rate ap = h/tq calculated from the measured film thickness h and
the deposition time tq and (2) strongly depends not only on U and i
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Nomenclature

H hardness

E* effective Young's modulus
We elastic recovery

f; repetition frequency

T duty cycle

lda discharge current averaged over the period
Ia DC discharge current

W target power density

dsr target-to-substrate distance
Ts substrate temperature

Uq DC discharge voltage

Udp discharge voltage in the pulse
Us substrate voltage

Up plasma potential

Up floating potential

is substrate current density
Pr total pressure

Pn2 partial pressure of nitrogen
Par partial pressure of argon

L indenter load

h film thickness

r radius of the fixed cylinder

but also on ap. The second fact is of an extraordinary importance in (i)
the reactive sputtering of compounds and (ii) the high-rate sputtering
of films because the energy &, delivered into the growing film deceases
with increasing ap.

This article investigates the effect of the energy & = #y,; + “, deliv-
ered into the growing Ti(ALV)Ny film on the preferred crystallographic
orientation (texture) of its grains, microstructure, physical and mechan-
ical properties, and resistance to cracking in detail. A great attention is
devoted also to (i) the control of the structure and microstructure of
the film by the energy & delivered into the film during its growth in
the DC and pulsed magnetron discharges, (ii) the energy ¢ delivered
into the film held at different substrate biases Us and (iii) the energy
¢ delivered into the film by fast neutrals.

2. Experimental

The Ti(AlLV)Ny thin films were sputter deposited in a mixture of Ar
+ N, sputtering gases using a dual magnetron with closed magnetic
field equipped with TiAIV (6 at.% Al 4 at.% V) alloy targets of diameter
& = 50 mm. The targets were attached to the cathode bodies of the
dual magnetron using pure Ti fixing rings. The magnetrons were
powered by an Advanced Energy Pinnacle Plus + 5/5 kW power supply
operated either in DC or pulse mode. The magnetrons were tilted to the
vertical axis at the angle 20°; for more details see Ref. [40]. The
Ti(ALV)Ny films were deposited onto Si(111) and Mo substrates at
low power density W, = Ig Uy / S < 20 W/cm?. The Si plates 20 x 20 x
0.52 mm° were used for the X-ray diffraction and the Si strips 30 x 5
x 0.64 mm?> were used for the measurement of the film macrostress.
The Mo substrates (80 x 15 x 0.20 mm>) were used for the assessment
of the film resistance to cracking in bending. A pre-deposition etching of
the substrates was performed in the pulsed discharge (burning between
the substrate and the shutter) at the voltage Ue; = 400 V, current I, =
0.5 A, repetition frequency fo; = 100 kHz, T = 0.5, substrate tempera-
ture Ts = 500 °C and substrate-to-target distance d;., = 60 mm in
argon at pressure pa, = 1 Pa for 5 min; the index “et” denotes the ion
etching. A pre-deposition cleaning of the magnetron targets was per-
formed in DC mode of sputtering with a closed target at the magnetron

voltage Uy = 400 V and current Iq = 0.5 A, target power density Wy =
10 W/cm? in argon at pressure pa, = 1 Pa for 3 min. The film thickness h
was measured by a stylus profilometer DEKTAK 8. The macrostress o
was evaluated from the bending of Si plate using the Stoney's formula
[41]. The film structure was characterized using an XRD diffractomer
PANalytical X Pert PRO in the Bragg-Brentano configuration with
CuKa radiation. The elemental composition of the Ti(AlLV)Ny films on
the Si substrate was analyzed in a scanning electron microscope (SU-
70, Hitachi) operated at a primary electron energy of 15 keV using ener-
gy dispersive spectroscopy (EDS, UltraDry, Thermo Scientific) and wave
dispersive spectroscopy (WDS, Magnaray, Thermo Scientific). Pure
metal standards were used for the determination of Ti, Al and V concen-
trations. The nitrogen concentration was calculated as the difference to
100% wt using a combined WDS (Ti, V) and EDS (Al) analysis, since
there is an inevitable peak overlap of Ti and N X-Ray peaks. Mechanical
properties of sputtered films were determined from load vs. displace-
ment curves measured by a microhardness tester Fisherscope H100
with Vickers diamond indenter at a load of 20 mN. The resistance of
the Ti(AlLV)Ny films to cracking was determined using the indentation
test at high loads L ranging from 0.25 to 1 N determining the critical
load L when cracks in the film occur and by the bending test. The Mo
strip coated with the sputtered film was bent around a fixed cylinder
of different radius r. By decreasing of the radius r a strain induced in
the film was increased. The critical strain €. at which cracks in the
film occur was measured. The critical strain €. was calculated from
the following formula [39].

€a = hyo /21 (3)
Here, hy, is the thickness of the Mo strip.
3. Results and discussion

From Eq. (2) follows that the same value of the energy &, can be ob-
tained either at high values of Us and low values of is or at low values of
Us and high values of is and in both cases at the same value of ap. Main
factor affecting the films deposition rate ap is the power delivered into
the magnetron discharge and the substrate-to-target distance. Different
combinations of Us and is are discussed in Sections 3.1.1 and 3.1.2. The
energy <y, delivered into the film by fast neutrals controlled by the
total sputtering gas pressure pr is discussed in Section 3.2. The main re-
sults of this article are summarized in Section 3.3.

3.1. Energy delivered by bombarding ions

3.1.1. Energy #; controlled by the substrate bias Us

The evolution of the structure and mechanical properties of the
Ti(ALV)Ny film sputtered in DC magnetron discharge with increasing
energy &y, delivered into the growing film by bombarding ions, and
controlled by the substrate bias Us are displayed in Figs. 1 and 2. From
Fig. 1 it is seen that the preferred crystallographic orientation of the
Ti(ALV)Ny films strongly depends on the value of the energy #y;. The
Ti(ALV)Ny films with the dominant TiN(200) reflection are sputtered
at low values of energy &1, < 1.1 MJ/cm®. The intensity of the TiN(200)
reflection decreases with increasing &y;. The dominant TiN(220) reflec-
tion occurs at &p; = 1.6 M]/cm3 and coexists with the TiN(200) reflec-
tion. The TiN(200) reflection is almost fully converted to TiN(111) and
TiN(220) reflections approximately at &; = 2.4 MJ/cm?>. The Ti(ALV)Ny
films sputtered at higher energies &y; > 2.4 MJ/cm> are composed of
TiN(220) and TiN(111) grains.

The stoichiometry x = N/(Ti + Al + V) of the Ti(ALV)Ny films in-
creases with increasing energy & from x = 1.04 at &1,; = 0.1 MJ/cm>
tox = 1.17 at &p; = 4.8 Mj/cm3, see Table 1, where also their main
physical and mechanical properties are given. From Table 1 it is seen
that while the substrate ion current density is increases, the deposition
rate ap of the film decreases with increasing negative substrate bias
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Fig. 1. XRD patterns from Ti(AlLV)Ny films DC sputtered on Si(111) substrate at I; = 0.5 A,
W =~ 10 W/em?, Ty = 500 °C, ds.c = 60 mm, pr = par + pn2 = 0.2 + 0.8 = 1 Paasa
function of #};, which itself here is a function of negative substrate bias Us.

Us. It is the reason why the energy ¢, increases with increasing nega-
tive substrate bias Us. The hardness H increases with increasing &1,
from 22 GPa at £p,; = 0.1 MJ/cm® to 32 GPa at &;,; = 1.9 MJ/cm? and
then slightly decreases to 30 GPa at &},; = 4.8 MJ/cm?>. The effective
Young's modulus E* also increases with increasing #,; from 262 GPa
at #1,; = 0.1 MJ/cm?® to 275 GPa at &;,; = 1.9 MJ/cm? but then decreases
more strongly, compared with the hardness H, to 240 GPa at #1,; =
4.8 MJ/cm®. The Ti(ALV)Ny films sputtered at &,; > 1.7 MJ/cm?® exhibit
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a high ratio H/E* >0.1 and a high elastic recovery W, >70% and thereby
also an enhanced resistance to cracking; for more details see Refs. [42-50].

The evolution of the mechanical properties of the Ti(ALV)Ny films
sputtered in DC magnetron discharge with increasing energy &y, is
displayed in Fig. 2 and Table 1. From Fig. 2 and Table 1 the following
can be concluded:

1. The energy ¢y, delivered into the growing film increases with in-
creasing negative substrate bias U at constant values of (i) the low
discharge current I4 = 0.5 A and (ii) the high partial pressure of ni-
trogen pnz = 0.8 Pa.

2. The Ti(ALV)N, films sputtered at low energies £ < 1.7 MJ/cm? ex-
hibit ratio H/E* < 0.1, elastic recovery W, <70% and a strong TiN
(200) texture. These films sputtered at low substrate biases |Us|
<40V are brittle and easily crack.

3. The Ti(ALV)Ny films sputtered at high substrate biases |Us| > 50 V
and therefore high energies &1,; >1.7 MJ/cm? exhibit high ratio H/E*
> 0.1, high elastic recovery W, >70% and no TiN (200) texture.
These films exhibit an enhanced resistance to cracking.

4. The Ti(ALV)Ny films sputtered at the highest energies &y,
> 3.7 MJ/cm® exhibit the highest resistance to cracking.

5. The absence or small amount of the TiN(200) grains in a Ti(ALV)Ny
film can be used as an indicator that the film has enhanced mechan-
ical properties.

6. The compressive macrostress (0 < 0) generated in sputtered
Ti(ALV)Ny films strongly increases with increasing substrate bias Us
up to —55GPaat Us = —100 V.

The high compressive macrostress o in the sputtered Ti(ALV)Ny film
strongly decreases its adhesion to the substrate and very often the film
delaminates from it. Therefore, the energy ¢, necessary to form flexible
hard films with enhanced resistance to cracking needs to be delivered
into the growing film at lower negative substrate biases Us.

3.1.2. Energy &y, controlled by the substrate ion current density is

In this section properties of the Ti(ALV)Ny films sputtered at a low
substrate bias Us = —40 V in a DC and pulsed magnetron discharges
are reported. The evolution of the structure and mechanical properties
of the Ti(ALV)Ny film with increasing energy #y;, delivered into the
growing film by bombarding ions and controlled by the substrate ion
current density is are displayed in Figs. 3 and 4, respectively. The sub-
strate ion current density is extracted to the substrate from the DC mag-
netron discharge was increased by increasing the discharge current Iy,
i.e. by intensification of the magnetron discharge, which results in the
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Fig. 2. The evolution of (a) hardness H, effective Young’s modulus E” and TiN texture and (b) elastic recovery W,, H/E ratio, critical strain e, to failure and TiN texture of the sputtered
Ti(ALV)Ny films as a function of the energy #; as which itself here is a function of negative substrate bias Us.
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Table 1

193

Physical and mechanical properties of Ti(ALV)N, films sputtered by DC dual magnetron at I = 0.5 A, Wt = (Uglg/S) = 10 W/cm?, Ty = 500°C, ds.; = 60 mm and pr = par + pn2 = 0.2 +
0.8 = 1 Paon Si(111) controlled by the substrate bias Us; here x = N/(Ti + Al + V) is the film stoichiometry and S is the area of the sputtered target.

U is Eoi X h ap H E* We H/E* o Cracks in
V] [mA/cm?] [M]/cm?] [nm] [nm/min] [GPa] [GPa] [%] [GPa] Bending Indentation
e [%] Ler [N]
—11 0.24 0.1 1.04 2200 183 22 262 58 0.08 —04 1.0 0.25
—20 0.74 0.5 1.04 2000 16.7 25 268 62 0.09 —04 1.0 0.25
—30 0.93 1.1 0.99 1900 14.6 27 275 66 0.10 —-1.0 13 0.25
—40 0.96 1.6 1.03 2000 143 26 269 67 0.10 —24 13 0.25
—50 0.91 19 1.07 1900 14.6 32 275 76 0.12 —3.1 2.0 >1
—60 0.96 24 1.05 2000 143 30 273 73 0.11 —1.5 2.0 >1
—70 1.01 3.2 1.11 1600 133 32 259 79 0.12 —29 2.0 >1
—80 1.04 3.7 1.15 1600 133 30 249 78 0.12 —1.9 >2.0 >1
—90 1.07 4.2 1.10 1500 13.6 31 243 81 0.13 —4.0 >2.0 >1
—100 1.10 4.8 1.17 1400 13.7 30 240 78 0.12 —55 >2.0 >1

creation of a dense plasma. Higher values of the substrate ion current I
at U; = —40V can be extracted from a dense plasma only. However, the
increase of the current I4 also results in the increase of the film deposi-
tion rate ap and thereby also in the simultaneous decrease of the energy
i delivered to the film during its growth by bombarding ions, see
Table 2. In order to increase the ion current density is the DC magnetron
discharge was replaced by the pulsed bipolar dual magnetron discharge.
Higher value of the ion current density is was extracted from denser
plasma at low substrate biases U |20 V|. At low substrate biases Us <
|20 V| the plasma potential Uy, increased to + 23 V due to the positive
value of the magnetron voltage during the pulse-off time. The positive
plasma potential of 423 V and the negative substrate bias of —20V re-
sults in the sheath potential Uy, = |43 V|, from which the energy &y, is
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Fig. 3. XRD patterns from Ti(ALV)Ny films on the Si(111) substrate sputtered at Ts = 500
°C,dsc = 60 mm, pr = 1 Pa, pn2 = 0.8 Pa using (i) DC deposition at W, < 16.5 W/cm?, Us =
-40V, (i) pulse deposition at f, = 100 kHz, T = 0.5, W; = 16.3 W/cm?, U; = -20V as a
function #y,; controlled by substrate ion current density.

calculated using Eq. (1). From denser plasma higher ion currents I to
the substrate were extracted and higher ion current density ig
> 1.7 mA/cm? were achieved. Therefore, the Ti(ALV)N, films deposited
in the pulsed discharge generated by the pulsed bipolar dual magnetron
exhibit high ratio H/E* > 0.12, high elastic recovery W, > 73% and are
characterized by a strong TiN(220) texture, see Fig. 3. These films are
slightly over-stoichiometric and their stoichiometry x = N/(Ti + Al + V)
ranges from 1.00 to 1.09, see Table 2. The evolution of mechanical prop-
erties of these films with increasing energy ¢y, is displayed in Fig. 4.
From Figs. 3 and 4 and Table 2 the following can be concluded:

1. The energy #y; delivered into the growing film prepared in the DC
magnetron discharge decreases with increasing discharge current Iy
due to increasing of the film deposition rate ap. All films are formed
at low energy #p; <1.7 MJ/cm®. They are polycrystalline, almost stoi-
chiometric (x = N/(Ti + Al 4+ V) = 1) and exhibit strong TiN(200)
texture and columnar microstructure which is responsible for a low
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Fig. 4. H/E  ratio, elastic recovery W, and critical strain &, in Ti(ALV)Ny films reactively
sputtered onto Si(111) and Mo substrate in (i) the DC discharge at W, ranging from 11.4
to 16.5 W/cm?, U = -40V, and (ii) the pulsed bipolar dual magnetron discharge at W
=16.3 W/cm?, U = -15 and -20 V, f, = 100 kHz, and Ts = 500 °C, ds.c = 60 mm, p; =
Par + Pn2 = 0.2 + 0.8 = 1 Pa as a function of #},; as which itself here is a function of
substrate ion current density is.
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Table 2

Physical and mechanical properties of Ti(ALV)Ny films sputtered on the Si(111) and Mo substrates at ds.r = 60 mm, T = 500 °C, py = par + pPn2 = 0.2 + 0.8 = 1 Pa by (i) DC dual mag-
netron discharge at Us = —40V, U, = + 3V, (ii) pulsed bipolar dual magnetron discharge at f, = 100 kHz, T = 0.5, 15, = 1.6 V, U, = + 23 V. The substrate ion current density is was

controlled by the discharge current I4.

DC dual magnetron deposition Cracks in
la W, is Ei X h ap H E* W H/E* o Bending Indentation
SCI‘ LCI"
[A] [W/cm?] [mA/cm?] [M]/cm?] [nm] [nm/min] [GPa] [GPa] [%] [GPa] (%] [N]
0.55 114 1.07 1.6 1.03 1900 15.8 29.0 272 71 0.11 —1.8 2.0 0.25
0.60 12.6 1.15 1.6 1.09 2000 17.5 28.1 274 70 0.10 —14 2.0 0.25
0.65 13.8 1.24 1.6 1.02 2100 19.1 26.7 272 67 0.10 —-13 2.0 0.25
0.70 15.2 1.31 1.5 1.05 2200 21.6 26.9 278 67 0.10 —14 2.0 0.25
0.75 16.5 1.40 14 1.05 2200 234 29.9 283 71 0.11 —1.8 2.0 0.25
Pulsed dual bipolar magnetron deposition
U W, is Ebi X h ap H E* We H/E o Eor Ler
v] [W/cm?] [mA/cm?] [MJ/cm?] [nm] [nm/min] [GPa] [GPa] [%] [GPa] [%] [N]
—15 16.3 1.7 2.0 1.09 1.0 20.0 24.0 190 74 0.13 —-1.7 2.0 1
—20 16.3 1.8 2.2 1.03 13 21.7 243 194 73 0.13 —14 2.0 >1
—20 16.3 1.8 22 1.00 25 21.7 28.5 235 74 0.12 —14 2.0 >1

resistance to cracking despite quite high ratio H/E* ~ 0.1 and high
elastic recovery W, >60%.

2. All Ti(ALV)Ny films prepared in the pulsed bipolar dual magnetron
discharge are deposited at high ion current density is > 1.7 mA/cm?.
They are also polycrystalline and almost stoichiometric (x = N/(Ti
+ Al + V) = 1) but exhibit no TiN(200) texture, high ratio H/E* >
0.12 and high elastic recovery W, > 60%. These films exhibit an en-
hanced resistance to cracking in the indentation test (L. > 1 N) but
a lower resistance to cracking in the bending test.

3. This experiment also confirms the conclusion already given in the
Section 3.1.1 that the polycrystalline Ti(AlLV)Ny films with the
TiN(200) texture are brittle, i.e. they exhibit a low resistance to
cracking. On the contrary the films with the TiN(220) texture are
strong and tough, and exhibit the an enhanced resistance to cracking,
see Table 2.

4. The thick (1000 to 2000 nm) Ti(ALV)Ny films sputtered at low nega-
tive substrate biases |Us| < 40 V and energies &},; ranging from 1.6 to
2.2 MJ/cm? exhibit low compressive macrostresses (|o]| < 2 GPa).

3.2. Energy &5, delivered by fast neutrals and controlled by the total

sputtering gas pressure pr

The energy ¢ can be delivered into the growing film not only by
bombarding ions (¢;) but also by bombarding fast neutrals (#g,) at
low sputtering gas pressures pr = par + Pn2 < 1 Pa. This fact is demon-
strated by sputtering of the Ti(AlLV)Ny films held at the floating poten-
tial (Us = Ug) as a function of the total sputtering gas pressure pr. The
Ti(ALV)Ny films were sputtered by pulsed dual magnetron operated in
a bipolar mode at the repetition frequency of pulses f. = 200 kHz, T =
0.5, Igp = 1.2 A, Uqa = 220 V, Us = Uy, Ts = 500°C, ds_; = 60 mm, pn2/
pr = 0.8. As the substrates are held at the floating potential Us = Ug
both the substrate ion current density is and the energy ¢y; are very
low, almost zero. It means that in this case the energy ¢ is delivered
into the growing film mainly by fast neutrals, i.e. ¢ =~ #g,. The energy
of fast neutrals &, increases with decreasing pr due to the prolongation
of the mean free path \ and therefore a reduction of collisions between
atoms. It means that a lower energy &y, is delivered into the growing
film at higher pressures py compared with &%, delivered into it at
lower pressures pr. The evolution of the structure of the Ti(ALV)Ny
films sputtered under these conditions is displayed in Fig. 5. These
films are crystalline and slightly over-stoichiometric (x = N / (Ti + Al
+ V) = from 1.06 to 1.25. Physical and mechanical properties of
sputtered Ti(AlLV)Ny films are summarized in Table 3.

This experiment demonstrates the indirect but clear effect of the en-
ergy g, on the physical and mechanical properties of Ti(Al,V)Ny films
sputtered between low (0.4 Pa) and high (1 Pa) total sputtering gas
pressure pr and partial pressure of nitrogen pn = 0.8 pr on substrate

held at floating potential (Us = Uy). From Fig. 5 and Table 3 the follow-
ing can be concluded:

1. The structure of Ti(ALV)Ny films varies from the dominant TiN(200)
to the dominant TiN(220) texture with decreasing total sputtering
gas pressure pr. It is indirect evidence that the energy &y, increases
with decreasing pr as expected.

2. The ratio H/E", elastic recovery W, and compressive macrostress (0 <
0) increase with decreasing pr. Also these facts indicate that the en-
ergy &y, increases with decreasing pr.

3. The Ti(ALV)Ny films are over-stoichiometric (x = [N/(Ti + Al + V)]
> 1) films and their stoichiometry x increases with decreasing pr
probably due to the domination of nitrogen N absorption on the
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Fig. 5. Evolution of XRD patterns from Ti(ALV)Ny film sputtered by pulsed bipolar dual
magnetron on Si(111) substrate at f. = 200 kHz, I, = 1.2 A, W, = 13 W/em?, U = Ug,
Ts = 500 °C, ds.. = 60 mm with decreasing total sputtering gas pressure pr.
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Table 3

Physical and mechanical properties of Ti(ALV)N films sputtered by pulsed bipolar dual magnetron at f, = 200 kHz, g, = 1.2 A, W, =13 W/cm?, Ug = Ug, T = 500 °C, d.c = 60 mm, pno =
0.8 Pa on Si(111) and Mo substrate controlled by the magnetron sputtering gas pressure pr = par + Pn2; Wi = (Uq14/S), S is the area of sputtered target and x = N/(Ti + Al + V) is the film

stoichiometry.

pr h X ap H E* We H/E* (¢ Cracks in
[Pa] [nm] [nm/min] [GPa] [GPa] [%] [GPa] Bending Indentation at
€ar [%] L [N]
0.40 800 6.7 21.8 173 75 0.13 —2.0 >2.0 05"
0.45 1100 1.23 7.3 31.0 225 82 0.14 —22 2.0 05"
0.50 1300 1.24 83 25.5 209 76 0.12 —1.7 2.0 >1
0.55 1400 1.25 8.7 25.4 214 75 0.12 —-19 2.0 >1
0.60 1800 1.17 12.0 27.6 238 75 0.12 —14 2.0 >1
0.70 1600 1.11 114 249 245 70 0.10 —-13 13 >1
0.80 2000 1.06 153 18.1 179 63 0.10 —0.7 1.0 0.25
0.90 1800 1.10 15.0 23.2 237 68 0.10 —0.6 1.0 0.25
1.00 1900 1.10 15.8 23.8 240 68 0.10 —0.6 13 0.25

*The indentation load L, is low due to delamination of the film from the substrate not due to the film cracking.

film surface over its resputtering from the film surface when the film
deposition rate ap decreases with decreasing pr.

4. The microstructure of the Ti(ALV)Ny films converts from columnar to
dense, voids-free non-columnar microstructure with decreasing pr,
see Fig. 6.

5. The resistance of Ti(ALV)Ny films against cracking improves with de-
creasing pr, see Table 3.

All these findings show that the energy ¥, can fully substitute the
energy &, in the formation of flexible hard coatings. This fact opens a
new way to form flexible hard nanocrystalline films on electrically insu-
lating substrates.

In summary, it can be concluded that the microstructure of the films
deposited onto the substrate held at the floating potential Us = Ug can
be densified by the bombardment of the fast neutrals when the film is
sputtered at low values of the sputtering gas pressure pr < 0.7 Pa. More-
over, it is possible to sputter defect-free electrically insulating films be-
cause there is no accumulation of charge on the surface of the growing
film. These are the main advantages of the sputtering of the films held
at the floating potential Us = Uy at low sputtering gas pressures (pr <
0.7 Pa).

3.3. Interrelationships between energies &y; and &, preferred crystallo-
graphic orientation and resistance to cracking of Ti(ALV)Ny films

Main results of our investigation are summarized in Fig. 7. This figure
clearly illustrates main interrelationships between the &, controlled by
ion bombardment (Us, is) and the energy of fast neutrals &5, controlled
by the total pressure of sputtering gas pr, the preferred orientation and
the resistance to cracking of the Ti(ALV)Ny film. The low and enhanced

substrate

resistance to cracking is characterized by the diamond indenter load L,
at which the tested film cracks, see Fig. 8. In Fig. 8 the morphology of
two Ti(ALV)N films after loading by the diamond indenter at the same
high load L = 1 N are compared: (a) the brittle hard Ti(ALV)N film
with low H/E* = 0.9, low W, = 58% sputtered at low energy &; =
0.5 MJ/cm? and (b) the flexible hard Ti(ALV)N film with high H/E* =
0.12, high W, = 78% sputtered at high energy #,; = 4.8 MJ/cm?>. This
figure clearly shows that while the brittle hard film sputtered at low en-
ergy cracks, the flexible hard film exhibit no cracks under the same load
L=1N.
Three main conclusions shown in Fig. 7 are:

1. The Ti(ALV)N, films sputtered at low energies &; < 1.7 M]/cm3 or
under low bombardment by fast neutrals #, at high sputtering gas
pressures pr > 0.7 Pa containing TiN(200) grains exhibit columnar
microstructure and low resistance to cracking.

2. The Ti(ALV)N, films sputtered at high energies #; > 1.7 MJ/cm® or
under high bombardment by fast neutrals #, at low sputtering gas
pressures pr < 0.7 Pa containing no or low amount of TiN(200) grains
exhibit dense, voids-free non-columnar microstructure and en-
hanced resistance to cracking.

3. The energy &}, delivered to the growing film can be fully substituted
by the energy of fast neutrals #¢, in formation of the film with the
same properties.

4. Conclusions

The article reports on a detailed investigation of the interrelation-
ships between the energy #y; and &, delivered to the Ti(ALV)Ny film
by bombarding ions and fast neutrals, respectively, and its structure,

Fig. 6. SEM images of the microstructure of Ti(AlL V)N, film sputtered by pulsed bipolar dual magnetron on Si(111) substrate at f, = 200 kHz, I = 1.2 A, W, =~ 13 W/cm?, U = Ug,

Ts = 500 °C, ds.; = 60 mm, pn2 = 0.8 Pa and (a) pr = 1 Paand (b) pr = 0.4 Pa.
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Fig. 7. Schematic illustration of interrelationships between the energy #y; and #4, and the structure, microstructure and resistance to cracking of the Ti(ALV)N film.
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Fig. 8. Comparison of the surface morphology of (a) brittle hard Ti(ALV)N, films sputtered at low energy &},; = 0.5 MJ/cm® exhibiting stoichiometry x = 1.04 and (b) flexible hard
Ti(ALV)Ny film sputtered at high energy #; = 4.8 MJ/cm’ exhibiting stoichiometry x = 1.17.
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crostructure, mechanical properties, and resistance to cracking. Main

conclusions of this study can be summarized as follows

1.

The texture of the Ti(ALV)Ny films varies from TiN(200) to TiN(220)
with increasing energy ¢p; or .

. The Ti(ALV)Ny films sputtered at low energies &, < 1.7 MJ/cm> and

high sputtering gas pressures pr > 0.7 Pa are characterized by the
TiN(200) reflection and low resistance to cracking. On the other
hand, the Ti(ALV)Ny films sputtered at high energies &y;
> 1.7 MJ/cm? and low pressures pr < 0.7 Pa exhibit no TiN(200) re-
flection but an enhanced resistance to cracking. It indicates that the
absence of the TiN (200) reflection in the XRD pattern can be used
as an indicator that the Ti(ALV)Ny film with enhanced resistance to
cracking is formed.

. The Ti(ALV)N, films with high ratio H/E* > 0.1, high elastic recovery W,

> 60%, dense, voids-free non-columnar microstructure and compres-
sive macrostress (0 < 0) exhibit an enhanced resistance to cracking.

. In sputtering of the Ti(Al,V)Ny films with enhanced resistance to

cracking the energy #y,; can be fully substituted by the energy ;.
This finding is of a general validity. Moreover, the use of the energy
“ 1t in deposition of films makes it possible to sputter nanocrystalline
and crystalline films onto electrically insulating substrates without
their heating and arcing on their surfaces.

. The energy ¢ is a key parameter controlling physical and mechanical

properties of sputtered films including their resistance to cracking
and enabling their production in a reproducible way.
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Plasma and floating potentials in magnetron discharges
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This letter reports on great differences in values of the plasma U, and floating Uy potentials in
sputtering discharges generated by single and dual magnetrons. It is shown that (i) the differences
in U, and Uy result in strongly different properties of films sputtered by single and dual magnetrons
at the same power delivered to the magnetron discharge, (ii) in the direct current single and dual
magnetron discharges, the values of U, and Uy strongly depend on the electric conductivity of the
surface of the grounded deposition chamber, and (iii) a pulsed dual magnetron with a closed
magnetic B field is the only one sputtering system, which enables us to sputter the films with fully
reproducible properties. © 2017 American Vacuum Society. [http://dx.doi.org/10.1116/1.4992054]

. INTRODUCTION

It is well known that the energy &y; delivered into a sput-
tered film by bombarding ions decides on its physical and
mechanical properties such as its structure, microstructure,
hardness H, effective Young’s modulus E", elastic recovery
W., ratio H/E*, and macrostress ¢. In the simplest case of
100% ionized and collisionless discharge, the energy E; is
determined by the following formula:'-?

Evi(MI /em?) = (U,—Uy) is/ap. (1)

Here, Uy, is the plasma potential, U; is the substrate bias, i is
the substrate ion current density, and ap is the deposition
rate of the film. Equation (1) shows that the effect of U, on
Ey;i can be very small in the case when |U,| < [U, but U,
can strongly influence & in the case when |U,| =~ |U|. The
plasma potential U, strongly depends on the deposition
parameters used in magnetron sputtering, the mode (type) of
the magnetron operation [the direct current (DC), pulsed,
high-power pulsed magnetron sputtering],>™ the geometrical
arrangement of the sputtering device,'® the target power den-
sity W, = Ugly/S,"" the sputtering gas pressure p,>'" and the
state of the surface of the deposition chamber (electrically
conductive, semiconducting, and electrically insulating);
here, Uy and I are the voltage and current of the magnetron
discharge and S is the area of the sputtered target. These
facts are the main reason why the properties of films sput-
tered under the same deposition conditions can strongly dif-
fer and in many cases cannot be formed in a reproducible
way. No investigation of this problem was performed so far.
Up to now, main attention was focused on the measurement
of the degree of ionization of sputtering gas, electron and ion
energy distribution functions'” and species generated in the
magnetron discharges in reactive sputtering and in the pres-
ence of different kinds of inert and reactive sputtering gases
and their mixtures.

This article shows great differences in the values of the
plasma potential U, and the floating potential Uy in the mag-
netron discharge generated by (1) the DC single and DC
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dual magnetron and (2) the pulsed dual magnetron operating
at the same deposition conditions. Besides, it is shown that
the electric conductivity of the surface of walls of the depo-
sition chamber strongly influences U, and Uy in reactive
magnetron sputtering of films. The way how U, and Uy
changes can be fully eliminated is shown.

Il. EXPERIMENT

The plasma potential Uy, and the floating potential Uy in the
magnetron discharge were measured in a cylindrical deposi-
tion chamber (diameter @ =600 mm and height h = 600 mm)
equipped successively with three sputtering systems: (1) DC
single magnetron, (2) DC dual magnetron, and (3) pulsed dual
magnetron, see Fig. 1. All magnetrons were the same and
were equipped with Ti (6Al 4V) alloy targets made of a VT6
titanium alloy containing 6 at. % Al and 4 at. % V. Both DC
and pulsed dual magnetron systems have a closed magnetic
field B between magnetrons, see Figs. 1(b) and 1(c). The sput-
tering discharges were generated at the same power Ppc
=Pipc +Popc =P, +Pr, =500 W and the same sputtering
gas pressure p=pa,;+py, =0.2+0.8=1Pa; here, indexes
1DC and 2DC and 1p and 2p denote the powers delivered to
magnetrons 1 and 2 by two DC power supplies (Advanced
Energy Pinnacle Plus+ 5/5kW operated in a DC mode) and
by a pulsed power supply (Advanced Energy Pinnacle Plus+
5/5kW operated in the bipolar mode with asynchronous
pulses), respectively, see Fig. 2; par and py, are partial pres-
sures of argon and nitrogen, respectively. More details on
the discharge of the dual magnetron with closed and open
(mirror) magnetic fields B are given in Ref. 13.

The voltage on magnetron 1 and magnetron 2 in the DC
dual magnetron system and in the pulsed dual magnetron sys-
tem is shown in Fig. 2. Figure 2(b) shows that during pulse-
off time, the magnetron voltage is slightly positive. It enables
us to remove the positive charge accumulated on the target
when electrically insulating films are sputtered, to avoid arc-
ing on the target surface, and to form defect free films.'* The
Ti(ALLV)N films were reactively sputtered on Si(100) sub-
strates placed at the substrate temperature of Ty =500 °C, the
substrate-to-target distance of dy=60mm, and the total
sputtering gas pressure of pr=pa,+py, =02 Pa+0.8

© 2017 American Vacuum Society 060605-1
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FiG. 1. Schematic illustration of the discharge generated by (a) DC single magnetron, (b) DC dual magnetron, and (c) pulsed dual magnetron and the electrical

connection of power supplies.

Pa=1Pa; here, pa, and py, are the partial pressure of argon
and nitrogen, respectively. All measurements of the plasma
potential U, and the floating potential Uy were carried out in
the discharge generated at an unheated substrate. The change
in the electrical conductivity of the surface of the deposition
chamber from electrically conductive to nonconductive (elec-
trically insulating) was made by a pulsed reactive sputtering
of TiO, films from the Ti(AlL V) targets of the dual magnetron
at the total pressure of pr=pa,;+pg, =0.5+0.5=1Pa and
the pulsed averaged power of Py, = 1000 W.

lll. RESULTS AND DISCUSSION

In this section, two problems were investigated in detail:
(1) Differences in the plasma potential U, and the floating
potential Uy in the DC and pulsed magnetron discharges and
(2) The elimination of the effect of the electrical conductiv-
ity of the surface of the deposition chamber on the properties
of sputtered films and the finding of the magnetron sputter-
ing system which enables us to sputter films with fully repro-
ducible properties.

The plasma potential U, and the floating potential Ug
were determined from Volt-Ampere (V-A) characteristics
measured at the substrate. Our experiments show that the V-
A characteristics at the substrate measured in the discharge
generated by the DC single magnetron [Fig. 1(a)] and by the
DC dual magnetron [Fig. 1(b)] are identical. Therefore, the
V-A characteristics measured at the substrate immersed in
the DC dual magnetron discharge and in the Pulsed bipolar
dual magnetron discharge are only compared, see Fig. 3.

J. Vac. Sci. Technol. A, Vol. 35, No. 6, Nov/Dec 2017

Figure 3 shows strong differences in the values of U, and
U in the DC and Pulsed bipolar dual magnetron discharges
generated at the same power P =500 W. The main results of
this experiment are as follows:

(1) The single magnetrons [Fig. 1(a)] and the dual magnet-
rons with a closed magnetic field [Fig. 1(b)] powered by
the DC power always have the ground outside the mag-
netron discharge, i.e., outside the chamber walls. In con-
trast, the pulsed dual magnetrons with a closed magnetic
field operated with asynchronous pulses [Fig. 1(c)] have
the ground inside the magnetron discharge.

(2) In discharges of the DC single and DC dual magnetrons,
the floating potential Uy is negative. Therefore, the films
sputtered in discharges generated by the DC single and
dual magnetrons are bombarded by electrons at negative
substrate biases |Ug| <|Ug|. In contrast, the films sput-
tered in discharges generated by the pulsed dual magnet-
rons with a closed B field are bombarded by ions at
positive substrate biases if Uy >Ug>0. It is the main
reason why the properties of the films sputtered under
the same deposition conditions on the grounded substrate
by the DC and pulsed dual magnetrons strongly differ,
see Fig. 3 and Table 1.

Figure 4 displays XRD patterns of the Ti(Al,V)N films reac-
tively sputtered on the grounded substrate (Ug = 0) by the DC
and Pulsed bipolar dual magnetron at the same deposition con-
ditions: W, pc= 12.8 Wem®, W, = 25.6 W/em®, T,=500°C,
de =60mm, and pr=par+pyn, =0.2+0.8=1Pa; here,
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FiG. 2. (Color online) Schematic illustration of the voltage on magnetron 1 and magnetron 2 at (a) DC dual magnetron and (b) pulsed bipolar dual magnetron
operated with asynchronous pulses.
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FiG. 3. (Color online) V-A characteristics measured on the substrate immersed in the dual magnetron discharge powered by (a) DC power P,pc =Popc =250 W
and (b) Pulsed power with asynchronous pulses with P;,=P,, =500 W, repetition frequency f, = 1/T = 100kHz, and duty cycle /T =0.5; here, indexes 1 DC
and 2 DC and 1p and 2p denote the powers delivered to magnetrons 1 and 2 by the two DC power supplies and the pulsed power supply, respectively.
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TaBLE 1. Properties of Ti(AL,V)N films sputtered on the grounded substrate (U;=0) by DC and Pulsed bipolar dual magnetron at the same deposition condi-
tions: Wy pc = Wy, = 12.8 W/em?, T, = 500°C, dy, = 60 mm and Pr=DPar Py, = 0.2+ 0.8 = 1 Pa at different energies E; and &

"

Sputtering Us I is Evi Eeal h ap H E W, H/E" 4
V) (mA/cm?) (MJ/em®) (MJ/em®) (nm) (nm/min) (GPa) (GPa) (%) (GPa)

DC 0 Electrons 10.60 — 3.4 1700 18.9 16.1 195 58 0.08 0.3

Pulsed 0 ions 1.12 1 — 1400 15.6 235 224 67 0.10 —-12

W, pc and W, , are the target power density of one magne-
tron in the DC dual magnetron and in the pulsed bipolar
dual magnetron, respectively. The structures of both films
strongly differ. While the DC sputtered film is polycrystal-
line, the pulsed sputtered film exhibits a strong TiN (111)
structure. These strong changes in the film structure also
result in strong differences in the mechanical properties of
the films sputtered by the DC and pulsed dual magnetron,
respectively, see Table I. The film deposited by DC dual
magnetron sputtering exhibits lower values of hardness H,
elastic recovery W, and low ratio H/E" <0.1 compared to
the film deposited by pulsed dual magnetron sputtering.
Moreover, the pulsed sputtered film exhibits an enhanced
resistance to cracking due to the high ratio H/E® =0.1.%"
This experiment clearly shows how important it is to know
the floating Uy and plasma U, on the substrate and inside
magnetron discharge, respectively, during deposition of the
film. Also, it is worthwhile to note that the deposition rate
ap of the Ti(AL,V)N film sputtered by DC and Pulsed bipo-
lar dual magnetron at the same deposition conditions, i.e.,
at Wy pc = W, =12.8 W/cm?, T, =500°C, d,,=60mm,
and pr=par+pn, = 0.2+ 0.8 =1Pa, is approximately the
same.

A. Elimination of the effect of chamber walls on the
properties of sputtered films

The place of the ground of the electrical connection of
power supplies used for the generation of the magnetron
discharge—outside discharge (the chamber walls) or inside
discharge (the sputtered target of the magnetron)—strongly
influences V-A characteristics on the substrate, see Fig. 5.
When the ground is outside discharge, the V-A characteristics

= DC tteri
5 ) ) sputtering
ey Pulsed tteri
2 JL ulsed sputtering
s| ol = S
= oy S Q| | Standard TiN
N L
30 40 50 60

20 [degree]

Fic. 4. (Color online) XRD patterns of the Ti(AL,V)N films sputtered on the
grounded substrate (Ug=0) by DC and pulsed dual magnetrons powered at
the same deposition conditions: W, pc ~ W =12.8 W/em?, T,=500°C,
ds.=60mm, and pr = pa, +py,=0.2+0.8=1Pa.
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depend on the electrical conductivity of the chamber walls,
see Fig. 5(a). The negative floating potential Uy on the sub-
strate increases with the decreasing electrical conductivity of
the chamber walls. This change in Uy is caused by the wall
contamination by (1) oxygen and nitrogen during opening
of the deposition chamber to air for the deloading of coated
parts (samples) and its loading by noncoated ones and par-
ticularly (2) condensing of different reactive species cre-
ated during the reactive magnetron sputtering of films. The
increase in negative floating potential Uy is connected with
a secondary electron yield of the surface of chamber walls
increasing with the decrease in its electrical conductivity.
The contamination of the surface of the grounded deposi-
tion chamber is the main reason why the sputtering of the
films with fully reproducible properties is a very serious
problem.

This problem can be fully avoided in the case when the
ground is inside the magnetron discharge, see Fig. 5(b). In
this case, the V-A characteristics do not depend on the elec-
tric conductivity of the surface of chamber walls. This means
that the Pulsed sputtering by the dual magnetron with a
closed B field is the best sputtering system enabling deposi-
tion of films with fully reproducible properties.

IV. CONCLUSIONS

The results of the reported investigation are very impor-
tant for both the deepening of the present state of knowledge
in the field of reactive magnetron sputtering of thin films and
the design of new advanced sputtering systems which enable
us to sputter the films with fully reproducible properties.
Main results can be summarized as follows:

(1) The properties of the films sputtered by the single and
dual magnetrons at the same power P delivered to the
magnetron discharge and other constant deposition con-
ditions (U, Ty, dg, and p) differ due to different values
of the plasma potential U, and the floating potential Ug,
which results in a different energy &,; = (U, — Uy) i/ap
delivered to the growing film by bombarding ions.

(2) The values of U, and Us strongly depend on the electri-
cal connection of the power supply of the magnetron.
For the single and DC dual magnetron, the ground is out-
side discharge. In contrast, for the pulsed dual magnetron
with a closed magnetic field, the ground is inside the
discharge.

(3) The properties of the films sputtered on the grounded
substrate by the single and DC dual magnetrons at the
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same power P and other constant deposition conditions
strongly differ from those sputtered by the pulsed dual
magnetrons with a closed magnetic field. It is due to
the fact that while in the single and DC dual magnetron
discharge, electrons flow on the grounded substrate, in
the pulsed dual magnetron with a closed magnetic
field, ions flow on the grounded substrate. It results in a
great difference in the energy £ delivered to the grow-
ing film.

(4) In discharges of the single magnetrons and the DC dual

magnetrons powered by two grounded power supplies,
the values of U, and U, depend on the state of the sur-
face of the chamber walls (electrically conductive or
nonconductive) and the formation of reactively sputtered
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FiG. 5. (Color online) V-A characteristics measured on the substrate immersed in the dual magnetron discharge powered by (a) DC power and (b) pulsed power
with asynchronous pulses in the deposition chamber whose walls are electrically conductive (triangles) and nonconductive (circles).

films is very difficult. On the other hand, in pulsed dis-
charges of the dual magnetrons with a closed magnetic
field in which the ground is inserted inside the discharge,
the values of U, and Uy do not depend on the state of
deposition chamber walls. This means that the pulsed
dual magnetron ensures a long-term reactive sputtering
of the films with fully reproducible properties without
any effect of varying contamination of the deposition
chamber walls.
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The article reports on the effect of the energy & delivered into the growing film on its macrostress, micro-
structure, mechanical properties and resistance to cracking of Ti(ALV)N films. The Ti(ALV)N films were de-
posited on Si(111) and Mo substrates by magnetron sputtering in a mixture Ar + N, gases using a dual mag-
netron with closed magnetic field and equipped with TiAlV (6 at.% Al, 4 at.% V) alloy targets. It is shown that the
compressive macrostress 0 in sputtered films can be reduced either by the pulsed bipolar bias voltage Us, with
alternating negative and positive pulses or the electron and ion bombardment during overshoots in the pulsed

magnetron sputtering. All sputtered films with high ratio H/E* = 0.1, compressive macrostress (o < 0), and
non-columnar microstructure exhibit an enhanced resistance to cracking; here H is the hardness and E* is the
effective Young's modulus. The high compressive macrostress in the film is not the necessary condition for the
formation of the films with an enhanced resistance to cracking.

1. Introduction

There is a huge number of papers devoted to the investigation of
relationships between the deposition parameters of the film and its
structure [1-12], microstructure [8-26], phase and elemental compo-
sition [2-5,15-20], macrostress [4-9,18-25], physical and functional
properties [1-31]. Despite these facts, it is very difficult to sputter in
different deposition chambers with different magnetrons, and different
power supplies (DC, pulsed) the films with reproducible properties. It is
due to the fact that different combinations of deposition parameters,
different magnetrons (single, dual, etc.) and different arrangement of
substrate holders (stationary, rotating) result in different energies &
delivered into the growing film. It means that the main parameter
controlling the properties of the film is the energy & [32-42]. There-
fore, the knowledge of correlations between the energy & and the film
properties is very important.

In deposition of films using an ion plating process, i.e. in the case
when the substrate on which the film is deposited is held on a negative
substrate bias Us, the most important is the energy &y, delivered to the
film during its growth by bombarded ions. In the simplest case of a
collision-less, fully ionized plasma the energy &}; can be expressed in
the following form [42].

&y [0/em®] = |U, - U; | x iy/ap €h)

* Corresponding author.
E-mail address: jarosm@kfy.zcu.cz (M. Jaros).
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Here, U, is the plasma potential, U; is the substrate bias, i is the
substrate ion current density and ap, is the deposition rate of the film.
Under the assumption that |U, |< |Us |, which is well fulfilled in
many experiments, Eq. (1) can be simplified in the following simple
form

&pi [0/em®] = (| Uy |ig)/ap 2

Eq. (2) shows that the energy &,,; delivered to the growing film by
bombarding ions can be easily calculated from measured deposition
parameters (U, i) and the film deposition rate ap = h/tyq calculated
from the measured film thickness h and the deposition time tq.

Recently, it was demonstrated that, the Ti(ALV)N films with en-
hanced resistance to cracking are created at high energies
Ep > 1.7 MJ/em® [43]. However, the intensive ion bombardment
generates high compressive stresses (up to -3 GPa to —5 GPa) in sput-
tered films [44]. Such films easily delaminate from the substrate and
crack. Therefore, it is necessary to decrease the compressive macros-
tress o but simultaneously to deliver to the film sufficiently high energy
&pi necessary to sputter the film with dense, non-columnar micro-
structure exhibiting no delamination from substrate and an enhanced
resistance resistance to cracking.

The solution of this quite difficult task is the subject of this article. It
is shown that the films with an enhanced resistance to cracking and a
low compressive macrostress || < 1GPa can be formed in the case
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Fig. 1. Comparison of DC and pulsed substrate bias
used in deposition of Ti(ALV)N films by DC dual
magnetron discharge generated at I3j=1 A,
Ts = 500 °C, ds = 60mm, pr = par + pnz = 0.8
+ 0.2 = 1 Pa. (a) Continuous ion bombardment and
(b) alternating ion/electron bombardment of the
growing Ti(ALV)N film by ions and electrons pro-

macrostress
relaxation

duced by DC bias (Us=- 100V) and pulsed bias
(Usp = -130/+70V, f. = 5kHz), respectively. Here,
U, is the pulsed substrate bias Uy, and iy, is the
pulsed substrate current density.
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Physical and mechanical properties and compressive macrostress (0 < 0) in the Ti(AL V)N films sputtered by DC dual magnetron operated at I4 = 1 A, T; = 500 °C,
ds. = 60 mm, pr = par + pn2 = 0.2 + 0.8 = 1 Pa on the substrate held at (i) DC substrate bias voltage U pc and (ii) pulsed substrate bias voltage U, with repetition
frequency of pulses f, = 5kHz. The bending test was performed on the films sputtered on the Mo strip and the indentation test on the films sputtered on the Si

substrates.
bias f, Usp is h ap Te/Ti  &bip o H E* We H/E® e Ler structure  texture
voltage  [kHz] [V] [mA/cm?] [nm] [nm/min] [MJ/cm®] [GPa] [GPa] [GPa] [%] [%] [N]
DC 0 -40 1.0 2100 36.0 0 1.6 -1.7 284 282 70 0.10 - 0.25 crystaline  (200)+(220)
DC 0 -100 1.8 1100 37.5 0 3.7 —-4.0 307 220 81 0.14 >20 >1 crystaline (220)
pulsed 5 —-100/+70 0.9 1000 33.0 1.3 1.6 -0.8 19.1 175 68 011 1.3 0.75 XRA

&bip is the average energy of ions during the negative pulse of pulsed substrate bias Usp, and XRA is X-ray amorphous.

gbip
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Fig. 2. Comparison of the structure of the Ti(AL V)N film sputter deposited at (i)
DC substrate bias Us pc = — 100V and a high energy &,; = 3.7 MJ/cm? and (ii)
the pulsed substrate bias Us, and a low energy &y, = 1.6 MJ/cm?.

when o generated in sputtered film is relaxed by bombardment of
electrons during its growth. Two methods are described in detail: (1)
the DC sputtering with pulsed bipolar bias with alternating negative
and positive pulses and (2) the pulsed sputtering with electron bom-
bardment of the film during overshoots at the end of each pulse. Both
methods efficiently reduce the compressive macrosrostress (o < 0) in
sputtered films. It was demonstrated in sputtering of the Ti(AL V)N ni-
tride films.
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2. Experimental

The Ti(ALV)N nitride films were reactively sputter deposited on Si
(111) and Mo substrates at substrate temperature Ts = 500 °C and
substrate-to-target distance d;, = 60 mm by a dual magnetron with
closed magnetic field equipped with TiAlV (6 at.% Al, 4 at.% V) alloy
targets of diameter @ = 50 mm in a mixture of Ar + N2 sputtering
gases. The magnetrons were tilted at angle 20° to the vertical axis [45]
and supplied by an Advanced Energy Pinnacle Plus+ 5/5 kW power
supply operated either in the DC or pulse mode. The Ti(AL V)N films
deposited by a dual magnetron powered by DC power were sputtered at
I =1 A results in Wy = [jUg/S = 16 W/cm?, and the substrate held
either at constant negative bias U or at pulsed bipolar positive/nega-
tive bias. The Ti(AL, V)N films deposited by a dual magnetron powered
by pulsed power were sputtered at the repetition frequency of pulses f,
ranging from 100 kHz to 350 kHz, ©/T = 0.5 and I4 ranging from 1.6 to
2 A resulting in the target power density W, = Iq, Ugp/S < 16 W/cm?
and the substrate bias held at the floating potential Uy or at the constant
negative bias; here Iy, and Ug, is the discharge current and voltage
during pulse-on time, respectively, and S is the total area of the sput-
tered target. All Ti(AlL,V)Ny films were sputtered in the nitrogen-rich
atmosphere at pno/pr = 0.8. The films sputtered under these conditions
were almost stoichiometric (x N/(Ti + Al + V) = 1) and their
stoichiometry x varied in a very narrow range from 0.98 to 1.09 only.
The Si plates (20 x 20 x 0.64 mm?) were used for of X-ray diffraction
patterns and the Si strips (30 X 5 x 0.64mm>) were used for the
measurement of the macrostress o in the sputtered films. The Mo sub-
strates (80 X 15 x 0.20 mm®) coated by sputtered films were used for
the assessment of the film resistance to cracking in bending. A pre-
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Table 2
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Physical and mechanical properties and compressive macrostress (0 < 0) in the Ti(AL V)N films sputtered by DC dual magnetron operated at I4 = 1 A, T; = 500 °C,
ds. = 60 mm, pr = par + Pn2 = 0.2 + 0.8 = 1 Pa on the substrate held at pulsed bipolar substrate bias Uy, with two repetition frequencies f; of alternating negative
and positive pulses. The bending test was performed on the films sputtered on the Mo strip and the indentation test on the films sputtered on the Si substrates.

f. Usp h isp ap Te/Ti Ebip o H E* We H/E* €cr Ler texture
[kHz] vl [nm] [mA/cm?] [nm/min] [MJ/em®] [GPa] [GPa] [GPa] [%] [%] [N]

High electron bombardment

25 -130/+110 1500 1.3 45.0 3.2 2.3 -1.7 29.5 260 73 0.11 >2 >1 (220)
25 —-130/+110 2600 1.3 45.0 3.2 2.4 -1.9 28 270 70 0.10 > 2 >1 (220)
Low electron bombardment

5 -130/+70 1300 1.3 33.0 1.3 3.1 -21 28.2 211 79 0.13 delam >1 (220)
5 —-130/+70 2100 1.3 31.0 1.3 3.3 —-2.4 33.5 246 82 0.14 delam >1 (220)

&pip is the average energy of ions during the negative pulse of pulsed substrate bias Usp.

"delam" denotes that the films delaminates from Mo strips during bending.

substrate

M2

deposition =
chamber

Fig. 3. Schematic illustration of the asymmetric bipolar Advanced Energy
Pinnacle Plus+ 5 kW pulsed power supply (PSU). The abbreviations DMG and
DMF denote that the PSU symmetry point is grounded (the position 1) and
floating, i.e. disconnected from the grounded deposition chamber, (the position 2).

deposition etching of substrates was performed in the pulsed discharge
(generated between the substrate and the shutter) at the voltage
U =400V, current I = 0.5 A, repetition frequency f, = 100kHz, t/
T = 0.5, substrate temperature Ts = 500 °C and shutter-to-target dis-
tance ds; = 60 mm in argon at pressure ps, = 1 Pa for 5min. A pre-
deposition cleaning of the magnetron targets was performed in DC
mode of sputtering at the magnetron voltage Uy = 400 V and current
I = 0.5 A, target power density W, = 10 W/cm? in argon at pressure
Par = 1 Pa for 3 min.

The film thickness h was measured by a stylus profilometer DEKTAK
8. The macrostress o was evaluated from the bending of Si plate using
the Stoney's formula [46]. The film structure was characterized by X-
ray diffraction using an XRD diffractometer PANalytical X Pert PRO in
the Bragg-Brentano configuration with CuKa radiation. The elemental
composition of the Ti(ALV)N films deposited on Si substrates was
analyzed by a scanning electron microscope (SU-70, Hitachi) operated
at a primary electron energy of 15 keV using both the energy dispersive
spectroscopy (EDS, UltraDry, Thermo Scientific) and the wave dis-
persive spectroscopy (WDS, Magnaray, Thermo Scientific). Pure metal
standards for the determination of Ti, Al and V concentrations in the
film were used. The nitrogen concentration was calculated as the dif-
ference to 100wt %. The Ti(ALV)N,.; films exhibit stochiometry
x = N/(Ti + Al + V) ranging from 0.98 to 1.09. Mechanical properties
of sputtered films were determined from load vs. displacement curves
measured by a microhardness tester Fisherscope H100 with Vickers
diamond indenter at a load of 20 mN. The resistance of the Ti(Al,V)N
films to cracking was determined by (i) the indentation test at high
loads L, (critical load when cracks occur) ranging from 0.25 to 1 N and
(ii) the bending test; more details are given in Refs. [42,47,48]. The Mo
strip coated with the sputtered film was bent around a fixed cylinder of
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different radius r. The strain induced in the film by bending was in-
creased by decreasing of the radius r of fixed cylinder. The critical strain
e.r at which cracks in the film occur was measured. The critical strain e,
was calculated from the following formula [42].

Eer = hMo/zr (3)

Here, hy, is the thickness of the Mo strip.
3. Results and discussion

In this section two ways of sputtering of the low-stress Ti(AL V)N
films with enhanced resistance to cracking are described in detail. Both
methods of a reduction of the macrostress o in sputtered films are based
on an electron heating of the film material during its growth controlled
by the energy &y; delivered into the growing film by bombarding ions.
This section consists of three subsections: (1) The macrostress reduction
controlled by pulsed bipolar substrate bias Ugp, (2) The macrostress
reduction controlled by overshoots in pulsed sputtering and (3)
Correlations between the energy &}, the macrostress o in film, its mi-
crostructure and resistance to cracking.

3.1. Macrostress reduction by pulsed bipolar substrate bias U

The principle of a reduction of the macrostress o in the sputtered
film at a pulsed substrate bias Uy, is based on alternating of the ion and
the electron bombardment of film during its growth, see Fig. 1. The
alternating ion and electron bombardment of the growing film is rea-
lized by alternating negative and positive pulses. The microstructure of
growing film is densified during the negative pulse of the substrate bias
U, by ion bombardment. Simultaneously, the compressive macrostress
(0 < 0) is generated in the film and its magnitude increases with in-
creasing voltage of the negative pulse. On the other hand, the mac-
rostress o, generated in the film during the ion bombardment, is relaxed
by the electron current which thermally anneals the growing film
during the positive pulse of the pulsed substrate bias Ug,. It means that
the films sputtered at DC substrate bias U pc will always exhibit a
higher compressive macrostress (0 < 0) compared with the films
sputtered at a pulsed bipolar substrate bias Usp,.

The relaxing of the compressive macrostress (o < 0) in sputtered
film by the electron bombardment was confirmed by sputtering of the
Ti(ALV)N films under the same deposition conditions at DC and pulsed
bipolar bias. Results of this experiment are summarized in Table 1.
From Table 1 the following important issues can be drawn.

1. The film sputter deposited at DC negative bias Uy, i.e. at the ion
bombardment of the growing film only, exhibits the high compres-
sive macrostress (0 = - 4 GPa) compared with the film sputter de-
posited at the pulsed bias U, with alternating negative and positive
pulses (o = - 0.8 GPa).
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Fig. 4. Time waveforms of the voltage Ug; and Ug, on the magnetron 1 and the magnetron 2, respectively, of the dual magnetron (DMG) operated in pulsed bipolar
mode at Iy = Ig; + Igo = 1.6 A, T, = 500 °C, dsx = 60 mm, pr = par + pn2 = 0.2 + 0.8 = 1 Pa and three repetition frequencies (a) 100 kHz, (b) 200 kHz and (c)
350 kHz, and the DC substrate bias Ug pc = —20V.

Table 3
Physical and mechanical properties of the Ti(ALV)N films sputtered by pulsed dual magnetron at Wy = 12 W/em?, T, =500°C, dy,=60mm,
Pr = Par + Pn2 = 0.2 + 0.8 = 1 Pa, floating potential Us = Uy at two repetition frequencies f, = 200 kHz and 350 kHz.

f, h ap Ep;i o H E* We H/E* €cr Ler micostructure
[kHz] [nm] [nm/min] [MJ/cm®] [GPa] [GPa] [GPa] [%] [%] [N]
200 1900 15.8 - -0.6 23.8 240 68 0.10 1.3 0.25 columnar
350 1300 4.6 - -2.4 21.4 173 76 0.12 >2 >1 dense
2. The energy &), delivered to the film growing at pulsed bipolar bias only in the strong decrease of the compressive macrostress o but also
Ugp is lower (1.6 MJ/cm®) than the energy delivered to the film in decrease of its hardness H, elastic recovery W, H/E" ratio and the
growing at DC bias U; p¢ (3.7 MJ/cm?). This is a reason why the film low resistance to cracking, see Table 1.
sputter deposited at a pulsed bias Uy, exhibits the X-ray amorphous
structure and the film sputter deposited at DC bias U pc is the The electron bombardment of the growing film is the reason why
crystalline with a dominant TiN (220) texture, see Fig. 2. the macrostress o generated in the film sputter deposited at the pulsed
3. The electron bombardment of the growing film, however, results not substrate bias Ug, with alternating negative and positive pulses is
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f =200 kHz
o =-0.6GPa

f =350 kHz
c=-2.4GPa

b)

Fig. 5. Microstructure of the Ti(ALV)N films with (a) low and (b) high com-
pressive macrostress (o < 0) sputtered on Si(111) substrates by pulsed DM at
two repetition frequencies f, = 200kHz and f, = 350 kHz, respectively, and
Wq =12W/cm?, Ug=Uy, Ty=500°C, do=60mm, pr=pa + P2
=0.2 + 0.8 =1 Pa.

a)

considerably lower than that in the film sputter deposited at the DC
negative substrate bias voltage Us. The length of the negative pulse t;
and the length of positive pulse 7. can be different. It means that the
efficiency of a relaxing of macrostress o in the film can be controlled by
the ratio t./7;. The possibility to control the macrostress o in sputtered
films by the ratio t./t; was also demonstrated in sputtering the Ti(ALV)
N films at pulsed bipolar substrate bias Ug,. Results of this experiment
are summarized in Table 2.

Table 2 shows the properties of the Ti(ALV)N films sputtered at
pulsed substrate bias U with two repetition frequencies f; of alternating
negative and positive pulses of different lengths and the same value of
the negative substrate voltage Uy, = —130V and two values of the
positive substrate voltage (f; = 5kHz with Us —-130/+70 V, to/
7, =1.3 (low electron bombardment), and f. =25kHz with
Us = —130/+130 V, to/1; = 3.2 (high electron bombardment)); here
Te and ; is the length of positive and negative pulse, respectively. This
selection of parameters of the pulsed bipolar bias U, makes it possible
to investigate the effect of the electron bombardment on mechanical
properties of the film, its macrostress o and resistance to cracking. From
Table 2 it is seen that (1) the Ti(ALV)N film sputtered under high
electron bombardment (Ug, +110 V) and the ion energy
&b = 2.4MJ/cm® exhibit high hardness H = 28 GPa, high ratio H/
E* = 0.10, high elastic recovery W, = 70%, low compressive macros-
tress 0 = —1.9 GPa and enhanced resistance to cracking (e., > 2 and
L., > 1N) and (2) the Ti(ALV)N film sputtered under lower electron
bombardment (Ugp . +70 V) and the higher ion energy
&b = 3.1 MJ/cm® exhibit higher values H, H/E*, W,, | 0| > 2 GPa and
also an enhanced resistance to cracking in compression (L., > 1N) but
this film already delaminates from Mo strip due too high compressive
macrostress |o| > 2 GPa. This experiment clearly demonstrates that
properties of the sputtered film can be well controlled by an optimized
bombardment with ions and electrons during its growth.

3.2. Macrostress reduction by overshoots in pulsed sputtering

The control of the energy of bombarding ions &; by the pulsed
sputtering of the film is based on the utilization of strong discharge
oscillations connected with transient pulse phenomena after the pulse
off. Experiments demonstrating this fact were performed in the pulsed
dual magnetron (DM) discharge. The DM was supplied by the pulse
asymmetric bipolar Advanced Energy Pinnacle Plus+ 5 kW power
supply unit (PSU) with the reverse positive pulse (10% of the negative
voltage). Each magnetron is alternatively sputtered (pulse-on) or dis-
charged (pulse-off) with the repetition frequency f, = 1/T,. The sche-
matic illustration of the PSU supplying the DM composed of two in-
dependent asymmetric bipolar units is shown in Fig. 3. The PSU
symmetry point can be either floating (the DM is floating PSU — DMF)
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or connected to the grounded chamber (the DM is grounded PSU —
DMG). In our experiment the PSU - DMG was used.

The oscillations generated in the pulsed bipolar DM discharge are
illustrated in Fig. 4. This figure shows the time evolution of the voltage
Ugq; on the magnetron 1 (M1) and Uy, on the magnetron 2 (M2) of the
dual magnetron with a closed magnetic field B [45]. The pulsed bipolar
DM discharge was generated at three repetition frequencies (a)
100 kHz, (b) 200 kHz and (c) 350 kHz. The oscillations superposed on
the DC substrate bias Uy, are clearly seen.

The principle of the control of the macrostress o in the growing film
during pulsed sputtering is based on the control of the ion bombard-
ment of the film during its growth. Splashes of oscillations (called as the
packets or the overshoots) superposed on the substrate potential Us play
a key role in the control of the film macrostress o, see Fig. 4. These
splashes are generated after the switching off of pulses. Therefore, the
magnitude of o in the sputtered film depends on the total number of
splashes Ngps generated during the whole time of the film deposition.
The number Ng; of splashes increases with increasing repetition fre-
quency f; of pulses. Fig. 4 shows that (1) the magnetron voltage Uy
sinusoidally changes during the pulse-on time t,,, (2) the length of
sinusoid decreases with increasing f, from ~T at f, = 100 kHz to ~ T,/
4 at f, = 350 kHz, and (3) the splashes of oscillations, strongly attenu-
ating with increasing time, are created not only on the voltage wave-
form of the discharge voltage Uq4(t) but also on the waveform of the DC
negative substrate bias U; pc; the splashes of oscillations are denoted by
dotted ellipses in Fig. 4b, (4) the duration of the splashes of oscillations
is Tose = 1.3 s is practically constant and does not depend on the re-
petition frequency of pulses f. and (5) the number of splashes of oscil-
lations Ngps increases with increasing f..

During oscillations of the substrate bias Uy, the growing film is
exposed to a strong ion bombardment. It is due to a strong increase of
U, during negative half periods of oscillations. This strong ion bom-
bardment results in increase of macrostress o generated in the film.
Therefore, a reduction of the macrostress o in the sputtered film can be
achieved by a reduction of the number N of splashes of the oscilla-
tions. It can be achieved by decreasing of the repetition frequency f, of
sputtering pulses. This fact was confirmed experimentally by sputtering
of the Ti(ALV)N films on the Si(111) substrates held on the floating
potential Us = Uy under the same deposition conditions at two repeti-
tion frequencies of pulses f, = 200 kHz and 350 kHz. The film sputter
deposited at f, = 200 kHz, i.e. under a lower ion bombardment, exhibits
not only the low macrostress (o0 = - 0.6 GPa) as expected but also the
columnar microstructure because the ion bombardment was already
weak and insufficient to create the film with dense voids-free micro-
structure, see Table 3 and Fig. 5. More information about overshoots
and its effect on plasma and coating properties can be found in Refs.
[49-57].

This experiment shows that a pulsed magnetron sputtering is an
efficient way which allow to control the macrostress o of the film held
even at a floating potential Us = Uy a and its microstructure by selec-
tion of repetition frequency of pulses. This finding is of a great appli-
cation potential, particularly for sputtering of dielectric films or de-
position of films on dielectric substrates, for instance, on glass, etc.
Both, the films with porous columnar microstructure or flexible hard
protective films with dense, voids-free microstructure can be created on
substrates held at a floating potential Us = Ug.

3.3. Control of macostress in films sputtered at high repetition frequencies of
pulses

Fig. 6 shows V-A discharge characteristics of a pulsed magnetron
discharge used for sputtering of the Ti(ALV)N films at f, = 350 kHz and
different values of the DC substrate bias U pc ranging from negative
(—60 V) to positive (+40 V) including grounded and floating sub-
strates, i.e. Us pc = 0 and U pc = Ug ranging from +15to ~ +150 V.
From Fig. 6a it is seen that the main source of the ion energy &y; during
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Fig. 6. Time evolution of voltage Ug; and Uy, on the magnetron M1 and M2 of dual magnetron, voltage U, on the substrate and current density on the substrate in
pulsed dual magnetron discharge generated at Wy = 12 W/cm?, T, = 500 °C, dg.c = 60 mm, pr = par + pnz = 0.2 + 0.8 = 1 Pa, f, = 350 kHz and the substrate
biased at a) Us pc = — 60V, b) grounded U = 0V, c) floating Us = Uy = 15-150V and d) Us pc = +40 V.

Table 4

Mechanical properties, compressive macrostress (0 < 0) and resistance to cracking of the Ti(ALV)N films sputtered by pulsed DC dual magnetron, operated in
bipolar mode at Ig = 2 A, i, ranging from 2.2 to 2.4 mA/cm? T, = 500 °C, dgc = 60 mm, pr = par + pnz = 0.2 + 0.8 = 1 Paand f, = 350 kHz on Si(111) substrates,

as a function of negative DC substrate bias U pc.

Us pc h ap &Ebi o H E* We H/E* Eor Ler TiN
[V] [nm] [nm/min] [MJ/cm®] [GPa] [GPa] [GPa] [%] [%] [N] structure
-60 1100 18.0 7.5 -0.3 8.3 141 40 0.06 2 0.25 220
-80 1000 16.7 11.1 -0.2 10.4 139 49 0.07 2 0.25 220
—100 800 13.3 17.7 -0.4 9.4 143 44 0.07 2 0.25 220
—100 1000 11.1 21.2 -0.4 9.7 142 46 0.07 2 0.25 220

the film deposition are positive half-periods of overshoot oscillations
when the sheat voltage is positive, i.e. Uy, = Uqgp — Us > 0 and super-
posed on the negative DC substrate voltage Us pc < 0. All films sput-
tered at Us pc < 0 and f. = 350 kHz exhibit similar properties, see
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Table 4. On the other hand, the compressive macrostress (o < 0)
generated in these films by bombarding ions is relaxed to low values
o = —0.3 GPa by bombarding electrons during negative half-periods of
the oscillations when the substrate current density I; = 0 and the sheat
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voltage is negative, i.e. Uy, = Ug, — Us < 0. This decrease of com-
pressive macrostress results in a decrease of the hardness to H = 9 GPa.
From Fig. 6b and c it is seen that also films sputtered at grounded,
floating and positively biased substrates are bombarded by ions. This
fact is demonstrated by positive peaks of the sheat voltage corre-
sponding to positive half-periods of overshoot oscillations. In the case of
a floating substrate potential (Fig. 6¢) the ion bombardment cannot be
measured since fluxes of electrons and ions incident on the substrate are
the same and the substrate current Iy = 0 mA/cm>. On the contrary, at a
positive substrate bias the electron bombardment of sputtered film
dominates over an ion bombardment, see Fig. 6d.

Physical and mechanical properties of Ti(Al,V)N, films sputtered by
pulsed dual magnetron at f. = 350 kHz at different values of negative
DC substrate bias U pc were investigated in detail, see Table 4. The
energy &), increases and the film deposition rate ap decreases with
increasing negative Ug pc. On the other hand, values of H, E*, H/E*
ratio, W and o are low of about 10 GPa, 140 GPa, 0.07, 45% and
—0.3 GPa, respectively. These films are brittle and easily crack. For
more detail see Ref. [47].

4. Conclusions

The article reports on a detailed investigation of the effect of the
energy &p; delivered into the Ti(AlL, V)N film by bombarding ions on its
macrostress, microstructure, mechanical properties and resistance to
cracking. Main conclusions of this study can be summarized as follows:

1. The compressive macrostress o in sputter deposited Ti(ALV)N films
can be reduced by (i) the pulsed bipolar bias voltage Us, with al-
ternating negative and positive pulses and/or (ii) the alternating ion
and electron bombardment of the growing film during overshoots
generated in a pulsed magnetron sputtering discharge.

2. The Ti(ALV)N films with enhanced resistance to cracking are formed
only in the case when the energy & delivered during their growth is
sufficiently high (&, > 1.7 MJ/cm®). These films exhibit (i) a
dense, voids-free microstructure, (ii) a high ratio H/E* = 0.1, (iii) a
high elastic recovery W, = 60% and (iv) an enhanced resistance to
cracking.

3. A reduction of compressive macrostress (o < 0) down to about

= - 0.4 GPa results in a reduction of the film hardness and its re-
sistance to cracking.

4. Our investigations clearly demonstrate the compressive macrostress
(o < 0) generated in the sputtered film can be effectively controlled
by alternating ion and electron bombardment already during its
growth.

Acknowledgements

This work was supported by the project LO1506 of the Czech
Ministry of Education, Youth and Sports under the program NPU 1.

References

[1] F.Lapostolle, A. Billard, J. von Stebut, Structure/mechanical properties relationship
of titanium-oxygen coatings reactively sputter — deposited, Surf. Coating. Technol.
135 (2000) 1-7.

L. Karlsson, L. Hultman, M.P. Johansson, J.-E. Sundgren, H. Ljungcrantz, Growth,
microstructure, and mechanical properties of arc evaporated TiC; ;N1 4 (0 = x = 1)
films, Surf. Coating. Technol. 126 (2000) 1-14.

J. Ding, Y. Meng, S. Wen, Mechanical properties and fracture toughness of multi-
layer hard coatings using nanoindentation, Thin Solid Films 371 (2000) 178-182.
W.J. Meng, R.C. Tittsworth, L.E. Rehn, Mechanical properties and microstructure of
TiC/amorphous hydrocarbon nanocomposite coatings, Thin Solid Films 377-376
(2000) 222-232.

M. Oden, J. Almer, G. Hakansson, M. Olsson, Microstructure-property relationships
in arc-evaporated Cr-N coatings, Thin Solid Films 377-376 (2000) 407-412.

J. Patscheider, T. Zehnder, M. Diserens, Structure-performance relations in nano-
composite coatings, Surf. Coating. Technol. 146 (2001) 201-208.

T. Mae, M. Nose, M. Zhou, T. Nagae, K. Shimamura, The effect of Si addition on the

[2]

[3]

[4]

(5]
[6]

71

58

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

Vacuum 158 (2018) 52-59

structure and mechanical properties of ZrN thin films deposited by an rf reactive
sputtering method, Surf. Coating. Technol. 142-144 (2001) 954-958.

S. Carvalho, L. Rebouta, A. Cavaleiro, L.A. Rocha, J. Comes, E. Alves,
Microstructure and mechanical properties of nanocomposite (Ti,Si,ADN coatings,
Thin Solid Films 398-399 (2001) 391-396.

J. Almer, M. Oden, G. Hakansson, Microstructure, stress and mechanical properties
of arc-evaporated Cr-C-N coatings, Thin Solid Films 385 (2001) 190-197.

J. Musil, H. Zeman, F. Kunc, H. Poldkova, Relationships between hardness, Young's
modulus and elastic recovery in hard nanocomposite coatings, Surf. Coat.Technol.
154 (2002) 304-313.

J. Musil, H. Zeman, J. Kasl, Relationship between structure and mechanical prop-
erties in hard Al-Si-Cu-N films prepared by magnetron sputtering, Thin Solid Films
413 (2002) 121-130.

H. Watanabe, Y. Sato, C. Nie, A. Ando, S. Ohtani, N. Iwamoto, The mechanical
properties and microstructure of Ti-Si-N nanocomposite films by ion plating, Surf.
Coating. Technol. 169-170 (2003) 452-455.

H.S. Barshilia, A. Jain, K.S. Rajam, Structure, hardness and thermal stability of
nanolayered TiN/CrN multilayer coatings, Vacuum 72 (2003) 241-248.

P. Jedrzejowski, J.E. Klemberg-Sapieha, L. Martinu, Relationship between the me-
chanical properties and the microstructure of nanocomposite TiN/SiN; 5 coatings
prepared by low temperature PECVD, Thin Solid Films 426 (2003) 150-159.

Y.T. Pei, D. Galvan, J.ThM. De Hosson, Nanostructure and properties of TiC/a-C:H
composite coatings, Acta Mater. 53 (2005) 4505-4521.

J. Soldén, J. Musil, Structure and mechanical properties of DC magnetron sputtered
TiC/Cu films, Vacuum 81 (2006) 531-538.

J. Lin, B. Mishra, J.J. Moore, W.D. Sproul, Microstructure, mechanical and tribo-
logical properties of Cr1-xAlxN films deposited by pulsed-closed field unbalanced
magnetron sputtering (P-CFUBMS), Surf. Coating. Technol. 201 (2006) 4329-4334.
M. Audronis, A. Leyland, P.J. Kelly, A. Matthews, The effect of pulsed magnetron
sputtering on the structure and mechanical properties of CrB2 coatings, Surf.
Coating. Technol. 201 (2006) 3970-3976.

C.H. Lai, M.H. Tsai, S.J. Lin, J.W. Yeh, Influence of substrate temperature and
mechanical properties of multi-element (AICrTaTiZr)N coatings, Surf. Coating.
Technol. 201 (2007) 6993-6998.

N.J.M. Carvalho, E. Yoestbergen, B.J. Kooi, J.ThM. De Hooson, Stress analysis and
microstructure of PVD monolayer TiN and multilayer TiN/(Ti,AI)N coatings, Thin
Solid Films 429 (2003) 179.

G. Liu, Y. Yang, B. Huang, X. Luo, S. Ouzang, G. Zhao, N. Jin, P. li, Effects of
substrate tempriture on the structure, residual stress and nanohardness of Ti6Al4V
films prepared by magnetron sputtering, Appl. Surf. Sci. 370 (2016) 53.

J. Kohout, E. Bousser, T. Schmitt, R. Vernhes, O. Zabeida, J. Klemberg-Sapieha,
L. Martinu, Stable reactive deposition of amorphous Al203 films with low residual
stress and enhanced toughness using pulsed dc magnetron sputtering with very low
duty cycle, Vacuum 124 (2016) 96.

A. Pelisson, M. Parlinska-Wojtan, H.J. Hug, J. Patscheider, Microstructure and
mechanical properties of Al-Si-N transparent hard coatings deposited by magnetron
sputtering, Surf. Coating. Technol. 202 (2007) 884-889.

J. Soldan, J. Neidhardt, B. Satory, R. Kaindl, R. Cerstvy, P.H. Mayrhofer,

R. Tessadri, P. Polcik, M. Lechthaler, C. Mitterer, Structure-property relations of
arc-evaporated Al-Cr-Si-N coatings, Surf. Coating. Technol. 202 (2008) 3555-3562.
K. Polychronopoulou, C. Rebholtz, M.a. Baker, L. Theodorou, N.G. Demas,

S.J. Hinder, A.A. Polycarpou, C.C. Doumanidis, K. Bobel, Nanostructure, mechan-
ical and tribological properties of reactive magnetron sputtered TiCx coatings,
Diam. Relat. Mater. 17 (2008) 2054-2061.

J.H. Huang, Z.E. Tsai, G.P. Yu, Mechanical properties and corrosion resistance of
nanocrystalline ZrNxOy coatings on AISL 304 stainless steel by ion plating, Surf.
Coating. Technol. 202 (2008) 4992-5000.

J. Musil, Sputtering systems with enhanced ionization for ion plating of hard wear
resistant coatings, Proc. Of the 1st Meeting on the Ion Engineering Society of Japan
(IESJ-92), Tokyo, Japan, 1992, pp. 295-304.

H. Poldkové, J. Musil, J. VI¢ek, J. Alaart, C. Mitterer, Structure- hardness relations
in sputtered Ti-Al-V-N films, Thin Solid Films 444 (2003) 189-198.

J. Musil, H. Poldkov4, J. Stina, J. VI¢ek, Effect of ion bombardment on properties of
hard reactively sputtered single-phase films, Surf.Coat.Technol. 177-178 (2004)
289-298.

J. Musil, J. $tina, The role of energy in formation of sputtered nanocomposite films,
Mater. Sci. Forum 502 (2005) 291-296.

J. Musil, J. Sicha, D. Hefman, R. Cerstvy, Role of energy in low-temperature high-
rate formation of hydrophilic TiO2 thin films using pulsed magnetron sputtering, J.
Vac. Sci. Technol., A 25 (4) (2007) 666-674.

J. Musil, Flexible hard nanocomposite coatings, RSC Adv. 5 (2015) 60482-60495.
J. Musil, J. VI¢ek, P. Baroch, Magnetron discharges for thin films plasma processing,
in: Y. Pauleau (Ed.), Chapter 3 in ,Materials Surface Processing by Directed Energy
Techniques, Elsevier Science Publisher B.V., Oxford, UK, 2006, pp. 67-106.

(a) J.A. Thornton, Recent developments in sputtering — magnetron sputtering, Met.
Finish. 77 (5) (1979) 83-87;

(b) J.A. Thornton, High rate thick films growth, Annu. Rev. Mater. Sci. 7 (1977)
239-260.

J. Musil, J.T.M. DeHosson, A. Cavaleiro (Eds.), Physical and Mechanical Properties
of Hard Nanocomposite Films Prepared by Reactive Magnetron Sputtering, Chapter
10 in Nanostructured Coatings, Springer Science + Business Media, LCC, New York,
2006, pp. 407-463.

J. Musil, V. Poulek, V. Valvoda, R. Kuzel Jr., H.A. Jehn, M.E. Baumgartner, Relation
of deposition conditions of Ti-N films prepared by dc magnetron sputtering to their
microstructure and macrostress, Surf.Coat.Technol. 60 (1993) 484-488.

B.A. Movchan, A.V. Demchishin, Study of the structure and properties of thick


http://refhub.elsevier.com/S0042-207X(18)30506-2/sref1
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref1
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref1
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref2
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref2
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref2
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref3
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref3
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref4
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref4
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref4
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref5
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref5
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref6
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref6
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref7
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref7
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref7
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref8
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref8
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref8
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref9
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref9
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref10
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref10
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref10
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref11
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref11
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref11
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref12
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref12
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref12
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref13
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref13
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref14
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref14
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref14
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref15
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref15
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref16
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref16
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref17
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref17
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref17
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref18
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref18
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref18
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref19
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref19
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref19
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref20
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref20
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref20
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref21
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref21
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref21
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref22
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref22
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref22
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref22
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref23
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref23
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref23
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref24
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref24
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref24
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref25
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref25
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref25
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref25
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref26
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref26
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref26
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref27
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref27
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref27
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref28
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref28
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref29
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref29
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref29
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref30
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref30
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref31
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref31
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref31
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref32
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref33
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref33
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref33
http://refhub.elsevier.com/S0042-207X(18)30506-2/bib34a
http://refhub.elsevier.com/S0042-207X(18)30506-2/bib34a
http://refhub.elsevier.com/S0042-207X(18)30506-2/bib34b
http://refhub.elsevier.com/S0042-207X(18)30506-2/bib34b
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref34
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref34
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref34
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref34
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref35
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref35
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref35
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref36

M. Jaros et al.

[38]
[39]
[40]
[41]

[42]

[43]

[44]

[45]
[46]
[47]

[48]

vacuum condensates of nickel, titanium, tungsten, aluminum oxide and zirconium
oxide, Phys. Met. Metallogr. 28 (1969) 83-90.

P. Pokorny, J. Musil, P. Fitl, M. Novotny, J. Lanc¢ok, J. Bulif, Contamination of
magnetron sputtered metallic films by oxygen from residual atmosphere in de-
position chamber, Plasma Process. Polym. 12 (2015) 416-421.

J. Musil, Low-pressure magnetron sputtering, Vacuum 50 (3-4) (1998) 363-372.
J. Musil, Hard and superhard nanocomposite coatings, Surf.Coat.Technol. 125
(2000) 322-330.

J. Musil, Hard nanocomposite coatings: thermal stability, oxidation resistance and
toughness, Surf.Coat.Technol. 207 (2012) 50-65.

J. Musil, Advanced hard nanocomposite coatings with enhanced toughness and
resistance to cracking, in: S. Zhang (Ed.), Chapter 7 in Thin Films and Coatings:
Toughening and Toughening Characterization, CRC Press, USA, 2015, pp. 377-463.
M. Jarog, J. Musil, R. Cerstvy, S. Haviar, Effect of energy on physical and me-
chanical properties of hard Ti(Al,V)Nx films prepared by magnetron sputtering,
Surf.Coat.Technol. 332 (2017) 190-197.

J. Musil, M. Jaros, R. éerstvjl, S. Haviar, Evolution of microstructure and macros-
tress in sputtered hard Ti(AlL V)N films with increasing energy delivered during their
growth by bombarding ions, J. Vac. Sci. Technol. 35 (2017) 020601.

J. Musil, P. Baroch, Discharge in dual magnetron sputtering system, IEEE Trans.
Plasma Sci. 33 (20) (2005) 338-339.

G.G. Stoney, The transition of metallic films deposited by electrolysis, Proc. R. Soc.
London, Ser. A82 (1909) 172-175.

J. Musil, J. Sklenka, R. Cerstvy, Transparent Zr-Al-O oxide coatings with enhanced
resistance to cracking, Surf. Coating. Technol. 206 (2012) 2105-2109.

J. Musil, J. Sklenka, R. Cerstvy, Protection of brittle film against cracking, Appl.

59

[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]

[57]

Vacuum 158 (2018) 52-59

Surf. Sci. 370 (306) (2016) 306-311.

J. Sicha, O. Novak, J. VI¢ek, P. Kudlacek, Ion flux characteristics in pulsed dual
magnetron discharge used for deposition of photoactive TiO2 films, Plasma Process.
Polym. 8 (2011) 191-198.

J.W. Bradley, H. Bicker, P.J. Kelly, R.D. Arnell, Space and time resolved Langmuir
probe measurements in a 100 kHz pulsed rectangular magnetron system, Surf.
Coating. Technol. 142 (2001) 337-341.

J. Vi¢ek, A.D. Pajdarovd, J. Musil, Pulsed dc magnetron discharges and their uti-
lization on plasma surface engieneering, Contrib. Plasma Phys. 44 (2004) 426-436.
R.D. Armell, P.J. Kelly, J.W. Bradley, Recent developments in pulsed magnetron
sputtering, Surf. Coating. Technol. 188 (2004) 158-163.

C. Muratore, J.J. Moore, J.A. Rees, Electrostatic quadrupole plasma mass spectro-
meter and Langmuir probe measurements of mid-frequency pulsed DC magnetron
discharges, Surf. Coating. Technol. 163 (2003) 12-18.

F. Richter, Th Welyel, Th Dunger, H. Kupfer, time-resolved characterization of
pulsed magnetron discharges using Langmuir probes, Surf. Coating. Technol. 188
(2004) 384-391.

H. Bécker, P.S. Henderson, J.W. Bradley, P.J. Kelly, Time-resolved investigation of
plasma parametres during deposition of Ti and TiO2 thin films, Surf. Coating.
Technol. 174 (2003) 909-913.

J. Lin, J.J. Moore, B. Mishra, W.D. Sproul, J.A. Rees, Examination of the phenomena
in pulsed-closed field unbalanced magnetron sputtering (P-CFUBMS) of Cr-Al-N
thin films, Surf. Coating. Technol. 201 (2007) 4640-4652.

J.M. Anton, B. Mishra, J.J. Moore, J.A. Rees, W.D. Sproul, Investigation of pro-
cessing parameters for pulsed closed unbalanced magnetron co-sputtered TiC-C thin
films, Surf. Coating. Technol. 201 (2006) 4131-4135.


http://refhub.elsevier.com/S0042-207X(18)30506-2/sref36
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref36
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref37
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref37
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref37
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref38
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref39
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref39
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref40
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref40
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref41
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref41
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref41
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref42
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref42
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref42
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref43
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref43
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref43
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref44
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref44
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref45
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref45
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref46
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref46
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref47
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref47
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref48
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref48
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref48
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref49
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref49
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref49
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref50
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref50
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref51
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref51
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref52
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref52
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref52
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref53
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref53
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref53
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref54
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref54
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref54
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref55
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref55
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref55
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref56
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref56
http://refhub.elsevier.com/S0042-207X(18)30506-2/sref56

Materials Letters 235 (2019) 92-96

journal homepage: www.elsevier.com/locate/mlblue

Contents lists available at ScienceDirect

Materials Letters

materials letters

Interrelationships among macrostress, microstructure and mechanical
behavior of sputtered hard Ti(ALV)N films

M. Jaros, J. Musil %, S. Haviar

L))

Check for
updates

Department of Physics and NTIS Centre of Excellence, Faculty of Applied Sciences, University of West Bohemia, Univerzitni 22, CZ-306 14 Plzefi, Czech Republic

ARTICLE INFO ABSTRACT

Article history:

Received 4 July 2018

Received in revised form 13 September
2018

Accepted 30 September 2018

Available online 2 October 2018

The article reports on the influence of a compressive macrostress ¢ in the Ti(ALV)N films on their
mechanical properties, structure, microstructure, and resistance to cracking. The macrostress o is con-
trolled by the energy &; delivered into the growing film by bombarding ions. The Ti(ALV)N films were
sputtered by a dual magnetron with closed magnetic field. It is shown that (1) the compressive
macrostress (o < 0) increases the hardness H of the film and the ratio H/E*, (2) the films exhibits a dense,

voids-free, non-columnar microstructure in the case when the energy &,; > 3 MJ/cm?, (3) the enhanced
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resistance to cracking of the films is controlled by its mechanical properties, microstructure and
macrostress G; here E* is the effective Young’s modulus.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

A macrostress ¢ generated in the film prepared by an ion plat-
ing sputtering strongly influences its hardness H and structure and
thereby its physical and functional properties. The stabilization of
the B-Ta [1] or the c-ZrsN4 phase in the film [2], the superconduc-
tivity of film [3], the Curie temperature of film [4], a change of the
preferred orientation of film [5-7], and the lifetime of the cutting
tools coated by protective hard coatings [8-10] can be given as
examples. However, so far, there is little information about the
influence of ¢ on the hardness H of film and its resistance to crack-
ing [11-13].

2. Experimental

The Ti(ALV)N thin films were sputter deposited using a dual
magnetron with closed magnetic field equipped with TiAlV
(6 at.% Al, 4 at.% V) alloy targets (& =50 mm) in a mixture of
20% Ar + 80% N, sputtering gases at the total pressure pr = par + Pn2
ranging from 0.4 to 1.0 Pa. The magnetrons were powered by an
Advanced Energy Pinnacle Plus +5/5 kW power supply operated
either in the DC or the pulse mode at a low power density in the

* Corresponding author.
E-mail addresses: jarosm@kfy.zcu.cz (M. Jaro§), musil@kfy.zcu.cz (J. Musil).

https://doi.org/10.1016/j.matlet.2018.09.173
0167-577X/© 2018 Elsevier B.V. All rights reserved.

pulse of W pc = Wy, <25 W/cm?; here W, pc and Wy, is the target
power density in the DC discharge and during the pulse-on in the
pulsed discharge. For a more detailed description of deposition
conditions see Ref. [14-18]. The Ti(ALV)N films were deposited
onto Si(1 1 1) substrates.

The film thickness was measured by a stylus profilometer DEK-
TAK 8. The macrostress ¢ was evaluated from the bending of the Si
plate using the Stoney’s formula [19]. The elemental composition
of the Ti(ALV)N films on the Si substrate was analyzed in a scan-
ning electron microscope (SU-70, Hitachi) operated at a primary
electron energy of 15 keV using energy dispersive spectroscopy
(EDS, UltraDry, Thermo Scientific) and wave dispersive spec-
troscopy (WDS, Magnaray, Thermo Scientific). Mechanical proper-
ties of sputtered films were determined from load vs. displacement
curves measured by a microhardness tester Fisherscope H100 with
Vickers diamond indenter at a load of 20 mN. The resistance of the
Ti(ALV)N films to cracking was assessed by a critical load L, at
which cracks in the film occurred.

3. Results and discussion

It is well known that the hardness H, structure, microstructure
of the sputtered film and the macrostress ¢ generated in it during
its growth depend on many deposition parameters. It means that
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Fig. 1. The hardness H and H/E* ratio of the Ti(ALV)N film with columnar and non-columnar microstructure as a function of compressive macrostress ¢ < 0. The open and full

symbols denote films with low and enhanced resistance to cracking, respectively.
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Fig. 2. XRD patterns of the Ti(ALV)N films with columnar microstructure (the films No. 1 and 2) and with non-columnar microstructure (the films No. 3 and 4). The films with
numbers 1, 2, 3, 4 are given in Fig. 1 and their physical and mechanical properties in Table 1.

the interrelationship between the deposition parameters of the
film and its properties is a multi-parameters function

Film properties = f(Ug, la, Wy, Ts, U, is, Vi, Vea, ds - ¢, h, @p, Pgs Pars Pres Prs €tC.)
(1)

Here Uq is the voltage of the magnetron discharge, I is the cur-
rent of the magnetron discharge, W, is the target power density, T;
is the substrate temperature, U is the substrate bias, is is the sub-
strate ion current density, v; is the flux of the bombarding ions, v,

is the flux of the condensing atoms, ds_; is the substrate-to-target
distance, ap is the deposition rate of the coating, pg is the base pres-
sure in the deposition chamber before the admission of the sput-
tering gas, par is the partial pressure of argon, pgg is the partial
pressure of a reactive gas, pr=par* Prc iS the total pressure of
the sputtering gas.

This fact significantly complicates the search correct interrela-
tions among H, o, structure and microstructure of the sputtered
film and its resistance to cracking because every deposition param-
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FILMS WITH COLUMNAR MICROSTRUCTURE

H=24.7 GPa,c=-0.4 GPa H=28.5GPa, c=-1.4GPa
a)
FILMS WITH NON-COLUMNAR MICROSTRUCTURE
H=9.7GPa,c=-0.4 GPa H=23.5GPa,c=-1.9GPa
b)

Fig. 3. SEM images of cross-section of the Ti(ALV)N films with columnar microstructure (the films No. 1 and 2) and with non-columnar microstructure (the films No. 3 and 4).
The films with numbers 1, 2, 3, 4 are given in Fig. 1 and their physical and mechanical properties in Table 1.

Columnar microstructure Non-columnar microstructure

o =-0.4GPa o=-0.4GPa

a) b)

Fig. 4. LOM image of surface morphology of Ti(ALV)N films after the indentation test. Measured Ti(ALV)N films exhibit compressive macrostress ¢ = —0.4 GPa and (a)
columnar microstructure (the film No. 1) or (b) non-columnar microstructure (the film No. 4), respectively. Indentation test was carried out for the load (a) L=0.25 N or (b)
L=0.75 N, respectively.

Table 1

Physical and mechanical properties of four Ti(ALV)N films denoted in Fig. 1 as films No. 1, 2, 3, and 4. The data of the film No. 2 are from Ref. [17].
Film  Sputtering h U i ap Epi c H E HE W, Lo Microstructure
No. process [nm] [\ [mA/cm?] [nm/min] [M]/cm?] [GPa] [GPa] [GPa] [%] [N]
1 DC 2000 -20 0.7 17 0.5 -04 24.7 268 0.07 62 0.25 comulnar - voids
2 pulsed/100 kHz 2500 -20 1.8 22 22 -14 285 235 0.12 73 >1 comulnar - dense
3 DC 1200 -20 1.9 15 3 -19 235 187 0.13 80 >1 non-columnar
4 pulsed/350 kHz 1000 -100° 1.5 11 8.1 -04 9.7 142 0.07 46 0.25 non-columnar

" Pulsed discharge with strong overshoots.
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eter has a different effect on these properties of the sputtered film.
It is due to the fact that at each combination of deposition param-
eters a different energy £ is delivered into the growing coating. In
this case, it is impossible to sputter the film with fully reproducible
properties. Therefore, the film properties must be expressed as a
function of one parameter only, i.e. as a function of the energy &

Film properties = f(€) (2)

The energy £ is the key parameter which controls properties of
the sputtered film and enables its formation with fully repro-
ducible properties. This is the reason why the interrelations among
H, o, structure and microstructure of the sputtered film and its
resistance to cracking are compared based on the energy &. In
our experiments the energy is delivered into the sputtered Ti(Al,
V)N films by bombarding ions, i.e. £ = &y;. The energy &y, is calcu-
lated from the measured values of the substrate bias Us, substrate
ion current density is and the film deposition rate ap from the for-
mula [20]

Epi = U x is/a[) (3)

Interrelationships among the hardness H, H/E" ratio, microstruc-
ture, structure, and compressive macrostress & in the Ti(ALV)N film
and its resistance to cracking are displayed in Figs. 1-4. The evolu-
tion of H and H/E’ of the Ti(ALV)N film with columnar microstruc-
ture and dense non-columnar microstructure as a function of
compressive macrostress o is displayed in Fig. 1. Fig. 1a shows that
the H and H/E" ratio of the Ti(AL,V)N film with columnar microstruc-
ture increase from 22 to 31 GPa and 0.08 to 0.13, respectively, with
increasing ¢ from —0.4 to —3 GPa. The Ti(ALV)N films with dense,
non-columnar microstructure also exhibit the same behavior. H
and H/E" ratio increase from 8 to 30 GPa and 0.06 to 0.14, respec-
tively, with increasing ¢ from —0.4 to —5.5 GPa but with a smaller
increase of H/E'at & ranging from —2 to —5.5 GPa than that in films
with smaller compressive macrostress |G| < 2 GPa.

Main results displayed in Fig. 1 can be briefly summarized as
follows

1. The magnitude of the hardness H of the films with low com-
pressive macrostress |o| <3 GPa strongly depend on their
microstructure. Films with columnar microstructure exhibit
higher H compared with the films with non-columnar
microstructure. This difference is due to different values of &y;
used in sputtering and relaxing of ¢ by an electron heating of
the growing film during overshoots in pulsed sputtering, see
Table 1 and Ref. [17].

2. The hardness H of the film is a complex function of two compet-
ing parameters - the energy &y; and enhancement or relaxing o
- which strongly influence its growth process and thus its struc-
ture, microstructure, and mechanical properties, particularly its
H/E’ ratio and elastic recovery W, see Figs. 2 and 3 and Table 1.
This is a reason why, for instance, the films with approx. same H
exhibit different microstructure (compare the films No. 1 and
No. 3) or the films with a low compressive macrostress exhibit
different H, H/E, W, structure and microstructure (compare the
films No. 1 and No. 4).

The energy &y, strongly influences also the preferred orientation
of the sputtered Ti(ALV)N films, see Fig. 2. In this figure, the effect
of &y on the structure of Ti(ALV)N films deposited by DC and
pulsed sputtering is illustrated. The films with numbers 1, 2, 3, 4
are given in Fig. 1 and their physical and mechanical properties
in Table 1.

The microstructure of the Ti(ALV)N film depends on the energy
Ep; delivered into the growing film by bombarding ions. The energy
&y is calculated from the measured values of the substrate bias Us,
the substrate ion current density is and the film deposition rate ap

from the formula & = Us x is/ap; more details are given in Ref.
[20]. The films sputtered at low energies & <3 MJ/cm® have a
columnar microstructure, see Fig. 3a. On the contrary, the films
sputtered at high energies &, >3 MJ/cm® have a non-columnar
microstructure, see Fig. 3b. It is worthwhile to note that also the
films with dense, voids-free non-columnar can be soft if the com-
pressive macrostress generated under high ion bombardment at a
high &y; is simultaneously relaxed by a sufficiently high electron
heating using the pulsed sputtering with overshoots or the pulsed
substrate bias Uy, with alternating polarity of pulses [17], see the
film No. 4 in Table 1.

The macrostress ¢ and the microstructure of the sputtered film
strongly influence also its resistance to cracking [19]. The effect of
the microstructure of the Ti(ALV)N film with a low compressive
macrostress ¢ = —0.4 GPa on its resistance to cracking is illustrated
in Fig. 4. The resistance of the film to cracking was assessed by the
indentation test in which the diamond indenter was impressed
into the film surface under a high load L at which the film cracks
[20]. Longer cracks mean a weaker resistance to cracking. On the
other hand, shorter cracks mean an enhanced resistance to
cracking.

The surface morphology of the Ti(ALV)N film with columnar
and non-columnar microstructure after indentation test at
L=0.25Nand L=0.75 N is displayed in Fig. 4a and b, respectively.
From this figure, it is seen that the film with columnar microstruc-
ture exhibits a low resistance to cracking. On the other hand, the
film with non-columnar microstructure with shorter cracks even
at a higher load L exhibits an enhanced resistance to cracking. This
experiment clearly shows that the film microstructure is a key
parameter which decides on its resistance to cracking as shown
in Ref. [14,15,20].

4. Conclusions

Main results of this investigation can be briefly summarized as
follows

1. The hardness H of the film increases with increasing compres-
sive macrostress G.

2. The hardness H of the film is a complex function of two compet-
ing parameters: the energy £ and macrostress. Both parame-
ters &, and o influence the growth process of the film and
thereby also its structure, microstructure, and mechanical
properties.

3. The compressive residual macrostress ¢ leads to an apparent
increase in hardness H and fracture resistance of sputtered
films.

4, The macrostress ¢ generated in the film during its growth can
be simultaneously relaxed by the electron heating using either
a pulsed sputtering with overshoots or a pulsed bias with pulses
of alternating polarity. This way a different combination of
mechanical properties of the film and its microstructure and
macrostress ¢ can be achieved.

5. Hard films with high ratio H/E > 0.1, high elastic recovery
W, > 60%, dense, voids-free microstructure and compressive
macrostress G < 0 exhibit an enhanced resistance to cracking.

6. The energy &, is a key parameter which makes it possible to
create the films with prescribed properties in the fully repro-
ducible way.
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Hard TiN, dinitride films prepared by magnetron sputtering
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This letter reports on the formation of hard TiN, dinitride films prepared by magnetron sputtering.
TiN, films were reactively sputtered in an Ar + N, gas mixture using a pulsed dual magnetron with
a closed magnetic field B. The principle of the formation of TiN, films by magnetron sputtering is
briefly described. The stoichiometry x =N/Ti of the TiN, films was controlled by deposition
parameters, and its maximum value of x =2.3 was achieved. For the first time, a possibility to form
the TiN, dinitride films by magnetron sputtering has been demonstrated. The mechanical properties
of sputtered films were investigated in detail. Published by the AVS.

https://doi.org/10.1116/1.5038555

. INTRODUCTION

Recently, a great attention has been devoted to the forma-
tion of nitrogen-rich TMN,. ;| transition metal nitrides with
the stoichiometry x = N/TM ranging from 1 to 2 (Refs. 1 and
3-10) and also with x=4.> Theoretical studies of these
materials based on ab initio calculations show that these
novel overstoichiometric nitrides should exhibit extraordi-
nary properties such as superhardness, high electrical con-
ductivity, and optical transparency, which originate from
metal-nitrogen charge transfer, the nature of the N-N bonds,
and the mixture of ionic and covalent N-N bonds."''™* It
was reported that bulk titanium dinitrides were successfully
synthesized under high pressure and high temperature
(HPHT synthesis), i.e., using an equilibrium process."*'*7
For instance, the TiN, ultraincompressible dinitride material
with bulk modulus 360-385 GPa was synthesized from the
titanium nitride flakes and N, gas compressed to 73 GPa and
heated to 2400K in a laser-heated diamond anvil cell.*
Recently, it was reported that titanium dinitrides were pre-
pared also in the form of TiN,_, films at low pressures of
about 0.3 Pa by simultaneous action of a Ti evaporation by
an arc evaporator and a strong ionization of N, gas in a gas-
plasma source with a hot filament in a hollow cathode.'®

This article reports on the formation of overstoichiometric
TiNy~ titanium nitride films by magnetron sputtering, i.e.,
the formation of films prepared by a nonequilibrium deposi-
tion process running at an atomic level. The principle of
sputtering of TMN,.; overstoichiometric nitride films is
briefly described. Interrelationships among the stoichiometry
X, the mechanical and electrical properties of TiNy films are
investigated in detail.

Il. PRINCIPLE OF SPUTTERING OF TMNy.4
NITRIDE FILMS

The principle of formation of overstoichiometric
TMN,~; and TMN,_, dinitride films by magnetron sputter-
ing is based on two nonequilibrium processes simultaneously
running at an atomic level: (1) the heating of the sputtered
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material to high temperatures first at the substrate and later
at the growing film in areas where sputtered atoms and bom-
barding ions arrive with no or low substrate heating and (2)
the pressing of the heated areas at high pressures p. This can
be achieved by a high energy £ delivered into the growing
film by bombarding ions with energy Ey,; controlled by the
negative substrate bias U and/or by condensing fast neutral
atoms sputtered from the target and arriving at the substrate
with energy £y, of several electron-volt controlled by the
sputtering gas pressure p. Both energies E; and/or &y, are
sufficient to heat areas of incident ions or atoms to very high
temperatures T, easily exceeding 2500K, and simulta-
neously to press these areas at a high pressure p of about
300£'2GPa, where the energy £ is in electron-volt.'” The
main problem in the formation of overstoichiometric
TMN,.; and TMN,_, dinitride films by magnetron sputter-
ing is to increase the number ny of nitrogen atoms in the
magnetron discharge to achieve a high ratio nn/nty > 1,
which enables the formation of films with the stoichiometry
x > 1 and x =2, respectively; here, nyy; is the number of
TM atoms in the sputtered film.

lll. EXPERIMENT

The TiN~; films were reactively sputtered by a pulsed
hybrid dual magnetron (HDM) in an N, + Ar mixture. The
HDM consists of two different magnetrons M1 and M2 with
a closed magnetic field B. The magnetron M1 is a magnetron
with a very low sputtering of its target, and the magnetron
M2 is a standard, well sputtering magnetron. The low sput-
tering of the magnetron M1 was achieved by extraction of
the central magnet from the magnetron M1. By the control
of the powers Py;; and Py, delivered into the magnetrons
M1 and M2, respectively, it is possible to increase the ion
bombardment of the growing film by increasing the ion flux
iy while keeping the film deposition rate ap constant, and in
this way to sputter overstoichiometric TiNy films with the
stoichiometry x =N/Ti > 1. The increase in igz at constant ap
is achieved by increasing the power Py, delivered into the
magnetron M1 and keeping the power Py, delivered into the
magnetron M2 constant. More details are given in Ref. 10.

Published by the AVS. 040602-1


https://doi.org/10.1116/1.5038555
https://doi.org/10.1116/1.5038555
https://doi.org/10.1116/1.5038555
mailto:musil@kfy.zcu.cz
http://crossmark.crossref.org/dialog/?doi=10.1116/1.5038555&domain=pdf&date_stamp=2018-06-28

040602-2 Musil et al.: Hard TiN, dinitride films prepared by magnetron sputtering

040602-2

TaBLE 1. Deposition parameters, elemental composition, mechanical properties, macrostress o, and electrical resistivity p of two overstoichiometric TiNy~;
films sputtered by pulsed HDM at T, = 450°C, Uy = =20V, iy = 4.5 mA/cm?, ap = 6.6 nm/min, Ey; = 8.2MJ/cm?, d,, = 80 mm, and Pr = PN, T Par = Py,

as a function of pr. h is the film thickness.

Film No. pr(Pa) Py; (W) Pupx(W) h(m) Nat. %) Ti(at. %) xN/Ti H(GPa) E*(GPa) We(%) H/E* ¢ (GPa) p (Qcm)
1 0.30 460 300 1000 58.5 41.5 1.4 25.5 190 84 0.13 —-1.6 13x107*
2 0.17 528 380 1400 70 30 2.3 16 163 69 0.10 —-1.7 1.6 x107*

IV. RESULTS AND DISCUSSION

As an example, properties of two sputtered overstoichio-
metric TiN,~ films are reported in detail. The TiNy~ films
were reactively sputtered in an N, + Ar mixture by pulsed
HDM powered by a pulsed power supply AE Pinnacle Plus
+ 5/5kW (Advanced Energy, Inc.) and operated in a syn-
chronous pulse mode at the repetition frequency f;
= 1/T=20kHz and duty cycle 7/T =0.99 onto Si (100) sub-
strates in a deposition chamber evacuated to a base pressure
po=1 x 10"*Pa. A small amount of Ar of about 20% was
added to the N, gas to start the magnetron discharge at low
pressures of sputtering gas. The elemental composition of
the TiN,.; films on the Si substrate was analyzed with a
scanning electron microscope (SU-70, Hitachi) operated at a
primary electron energy of 15keV using an energy disper-
sive spectrometer (EDS, UltraDry, Thermo Scientific) and a
wave dispersive spectrometer (WDS, Magnaray, Thermo
Scientific). Pure metal standards were used for the determi-
nation of Ti concentration. The nitrogen concentration was
calculated as the difference to 100 wt. % using a combined
WDS and EDS analysis due to overlapping of Ti and N x-
ray peaks. The data were measured in the depth of about
600 nm under the film surface with an accuracy of *=10%.
Deposition parameters, elemental composition, mechanical
properties, macrostress o, and electrical resistivity p of these
TiNy~ 1 films are summarized in Table 1.

From Table I we can observe the following

(1) The overstoichiometric TiN,_,3 can be sputtered by
pulsed HDM at a low total pressure py=0.17 Pa. This

x=N/Ti
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Fic. 1. (Color online) XRD patterns of the overstoichiometric TiN,~ films
with stoichiometry x = 1.4 and 2.3.
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strongly overstoichiometric TiN,_, 3 film is created
thanks to a high energy £,; = 8.2 MJ/cm® delivered into
it by bombarding ions and developing a very high pres-
sure p=1340 GPa in place of their incidence.'”
The energy &, was calculated from the formula £,
= (Us.ig)/ap; here, U and i, are the substrate bias and the
substrate ion current density, respectively.”® This experi-
ment demonstrates that the formation of TiN,_, dintride
films by magnetron sputtering is possible.

(2) The decrease in the total gas pressure pr from 0.30 to
0.17 Pa and mainly the increase in the powers Py and
Py in the magnetron M1 and M2, respectively, increas-
ing the ionization of the N, gas results not only in an
increase in the stoichiometry x = N/Ti of the TiNy film
but also in a decrease in its hardness H, elastic recovery
W., and H/E* ratio.

(3) The overstoichiometric TiN,_, 3 film still exhibits high
hardness H=16 GPa, high elastic recovery W, = 69%,
and high ratio H/E* =0.1.

(4) Both overstoichiometric films, TiN,_;4 and TiN,_, 3,
are well conductive and exhibit a low electrical resistiv-
ity p~ 1.5 x 107* Qcm.

The structure of these overstoichiometric TiN,~; films,
characterized by XRD diffraction, is displayed in Fig. 1.
From this figure, it is seen that both films, TiN,_;4 and
TiNy—, 3, sputtered at Ty=450°C and U;=—20V are poly-
crystalline, and their crystallinity improves with decreasing
sputtering gas pressure pr and increasing sputtering power.
The decrease in sputtering gas pressure results in two effects:
(1) the decrease in collisions between ions and neutral atoms
in the substrate sheath with the sheath voltage Uy, = U, — Uy
and thereby the increase in the energy &; of incident ions and
(2) the bombardment of the growing film by fast neutral

x=1.4

Xx=2.3

Fic. 2. (Color online) SEM images of cross-section of overstoichiometric
TiNy~ films with moderately and strongly enhanced stoichiometry x =N/
Ti: (a) the moderately overstoichiometric TiN,_ 4 film and (b) the strongly
overstoichiometric TiN,_, 5 film.
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TiN,

x=1.0

x=2.73

(b)

Fic. 3. (Color online) Color of TiN, films with two different values of stoi-
chiometry x. (a) The stoichiometric TiN,_; film with goldenlike color and
(b) the strongly overstoichiometric TiNy_, 3 film with brown color.

atoms, which deliver further additional energy &y, to &, into
the growing film; here, U, is the plasma potential. Both the
increase in £; and the energy Ey; contribute to the improve-
ment of the film crystallinity.

The microstructure of the overstoichiometric TiNy-
films with x = 1.4 and 2.3 characterized by SEM is displayed
in Fig. 2. The microstructure of TiN,_; 4 is noncolumnar.
On the other hand, the microstructure of the TiN, 3 film
exhibits a dense, void-free columnar microstructure. Despite
this difference in the microstructure, both overstoichiometric
TiN,~ films exhibit an enhanced resistance to cracking. It is
due to their high ratio H/E" > 0.1 and high elastic recovery
W. > 60%; more details on an enhanced resistance to crack-
ing of films with a dense, void-free columnar microstructure
are given in Ref. 19.

The stoichiometry x of the TiNy film strongly influences
also its color (see Fig. 3). The stoichiometric TiN,_; film is
golden yellow. On the other hand, a strongly overstoichio-
metric TiN,_5 3 film is brown.

V. CONCLUSIONS

Main results of the reported investigation of strongly
overstoichiometric TiN,-; films can be briefly summarized
as follows:

(1) The strongly overstoichiometric TiNy~; films and TiN,
dinitride films can be created by a pulsed magnetron if
sputtering of its Ti target is reduced, and the nitrogen gas
is strongly ionized. This sputter deposition process can
be realized by a hybrid dual magnetron or in a sputtering
system equipped with a standard magnetron and a low-
pressure source of strongly ionized nitrogen gas, for
instance, a low-pressure arc.'®

(2) The TiNy_,5 film with high values of the hardness
H =16 GPa, ratio H/E" =0.1, W,=70%, dense, void-
free microstructure, and low compressive macrostress

JVST A - Vacuum, Surfaces, and Films

040602-3

o= —1.7 GPa was sputtered by the hybrid dual magne-
tron at extremely high energy Eyi= 8 MJ/cm’® delivered
into the growing film by bombarding ions.

(3) The high value of Ey; is a necessary condition for the
creation of strongly overstoichiometric TiNy.; films
because it gives rise to a very high pressure p ~ 1340
GPa in the place of incidence of arriving ions."”

(4) Overstoichiometric TiN,~. films are highly flexible films
and exhibit an enhanced resistance to cracking.

(5) The TiN,_, 3 film is brown compared with golden stoi-
chiometric TiN,_; film and is well electrically conduc-
tive (p=1.7 x 10~* Qcm).
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