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Abstract

The article reports on flexible hard nanocomposite coatings prepared by magnetron sputtering. It is shown that
the flexible hard nanocomposite coatings (i) represent a new class of coatings which are simultaneously hard,
tough and resistant to cracking, (ii) exhibit high values of the hardness H and the effective Young’s modulus E
ratio H/E™ > 0.1, the elastic recovery W, > 60%, compressive macrostress ¢ < 0 and dense, voids-free
microstructure, and (iii) are formed in the zone T of the Thornton’s Structural Zone Model (SZM); here E' =
E/(1 - vz), E is the Young’s modulus and v is the Poisson’s ratio. The magnetron sputtering, which is a very
powerful process used in the preparation of nanocomposite coatings, is described in detail. The basic principles
of the formation of flexible hard coatings are also described in detail. It is shown that key parameters which
decide on the formation of these coatings are (1) the energy £, = E.. + &, delivered to the growing coating by
condensing atoms (&) and bombarding ions (&,) (the non-equilibrium heating), (2) the substrate heating
controlled by the substrate temperature T (the equilibrium heating) and (3) the melting temperature T,, of the
coating material. The flexible hard coatings represent a huge application potential. Four examples of flexible
coatings are given: (1) flexible protective coatings, (2) flexible functional coatings, (3) flexible over-layer
preventing cracking of brittle coating and (4) flexible multilayer coating. Also, the principle of a low-
temperature sputtering of flexible nanocomposite coatings is described in detail. At the end, trends of next
development of the nanocomposite coatings with unique properties are given.

Keywords: Hard nanocomposite coatings, Microstructure, Macrostress, Mechanical properties, Energy,
Flexibility, Resistance to cracking, Magnetron sputtering

Content

Introduction

Magnetron sputtering of nanocomposite coatings

Flexible hard nanocomposite coatings and their main characteristics
Design of flexible hard nanocomposite coatings

Flexible protective coatings

Flexible functional coatings

Flexible over-layer preventing cracking of brittle coatings
Flexible multilayer coatings resistant to cracking

9. Low-temperature sputtering of flexible nanocomposite coatings
10. Conclusions

Acknowledgements

References

XNANR DD =

1. Introduction

Hard nanocomposite coatings represent a new generation of coatings [1-44 and references therein]. Typical
example of the hard nanocomposite coatings is the two-phase nc-TiN/a-Si;N4 composite. Main advantage of the
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hard nanocomposite coatings is an enhanced hardness H. Therefore, at first, main attention was devoted to the
explanation of the origin of enhanced hardness H of the nanocomposite coating and to the achievement of its as
high possible hardness H. The nanocomposite coatings with hardness H > 40 GPa are called the superhard
nanocomposite coatings. At present, there are two big groups of two-phase nanocomposite coatings with
enhanced hardness H: (1) hard phase/hard phase nanocomposites and (2) hard phase/soft phase nanocomposites
[10,41,42]. Here it is necessary to underline that (i) both groups of the nanocomposite coatings can exhibit the
enhanced hardness H and (ii) the second group, i.e. the hard phase/soft phase nanocomposites, can exhibit also
further unique physical and functional properties.

Very important is also thermal stability and oxidation resistance of the nanocomposite coatings at high
temperatures T above 1000 °C. Recently, two kinds of X-ray amorphous hard coatings— (1) the nc-TMN/a-SizNy4
composite coatings with high (> 20 at.%) Si content and (2) the Si-B-C-N coatings with covalent bonds —
thermally stable and oxidation resistant up to ~ 1500 and ~1700°C, respectively, — were successfully developed
[34]. Besides, it was understood that the enhanced hardness H is not a single important property of the hard
nanocomposite coatings. For many applications the toughness of the hard coating is more important than its
extremely high hardness H considerably exceeding 40 GPa. Therefore, at present, a great attention is
concentrated on the development of the flexible coatings which are simultaneously hard, tough and resistant to
cracking in bending [41,44-52]. These coatings represent a huge potential for many new advanced applications,
for instance, in the flexible electronics, the flat panel displays, the micro-electro-mechanical systems (MEMS),
the formation of functional coatings on flexible substrates such polymer foils, thin sheet glass, textile etc.

The development of flexible nanocomposite coatings is a subject of this article. It reports on a new class of
advanced flexible hard coatings with enhanced resistance to cracking prepared by reactive magnetron sputtering.
This article shows (i) the correlations between the coating microstructure, mechanical properties of coatings (the
hardness H, the effective Young’s modulus E°, the elastic recovery W, and macrostress ¢ and the energy £
delivered to the growing coating, (ii) the conditions under which the flexible hard nanocomposite coatings can be
formed, (iii) how cracking of brittle coatings can be prevented, (iv) four examples of flexible hard coatings and
(v) the principle of low-temperature sputtering of flexible coatings; here the effective Young’s modulus E* =
E/(1 - v?), E is the Young’s modulus and v is the Poisson’s ratio. At the end, the trends of next development are
outlined.

2. Magnetron sputtering of nanocomposite coatings

The magnetron sputtering is a very efficient tool for the formation of nanocomposite coatings [53-80]. Today,
this method is well mastered and the sputtering of coatings can be realized in direct current (DC), radio
frequency (RF), and DC or AC pulse mode of sputtering process; here the AC pulse is the pulse composed of
negative half-sinusoids. The DC sputtering is used for the deposition of metallic and electrically conductive
coatings. The RF and pulsed sputtering is suitable particularly for sputtering of electrically insulating coatings.
The sputtering of coatings can be realized in pure argon or in a mixture of argon and reactive gas (RG). In the
first case the coatings containing elements of sputter target can be formed. The sputtering of coatings in a
mixture of argon and reactive gas is called reactive magnetron sputtering.

The reactive magnetron sputtering is very important process because it forms coatings containing not only
elements of sputtered target but also elements of reactive gas. This way the compound coatings such as nitrides,
oxides, carbides, borides, chlorides, etc., and their combinations can be formed. However, the reactive
magnetron sputtering can exhibit two undesirable effects: (1) the hysteresis effect and (2) arcing on the surface
of sputtered target. The both effects occur in consequence of a poisoning of the sputtered target and need to be
eliminated to form defects free coatings in a reproducible way. The hysteresis effect can be eliminated in the
case when the pumping speed for the reactive gas Spg is greater than a critical pumping speed of the pumping
system of deposition device [55]. The arcing on the sputtered target occurs when electrically insulating coatings
are sputtered in consequence of charging of insulating layers formed on its uneroded areas. There are two ways
allowing eliminate the arcing: (1) to use magnetrons with full target erosion (not perfectly mastered yet) or (2) to
remove the accumulated charge from insulated layers on uneroded areas [56, 80]. Very efficient tool removing
accumulated charge from the sputtered target is pulsed sputtering with a positive voltage on the target during
pulsed off time. Typical example of such pulsed sputtering system is the dual magnetron operating in bipolar
mode [63,77,80]. The principle of the dc pulse dual magnetron sputtering is displayed in Fig.1. The voltage
polarity of magnetron cathodes periodically changes from negative to positive. When the cathode voltage Uy is
negative the target material is sputtered. On the contrary, when Uy is positive the charge accumulated at the
surface of insulating layer formed on the uneroded areas of target is discharged as a result of the electron
bombardment. Here, it is also worthwhile to note that a distribution of the discharge above magnetron sputtered
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targets strongly depends on orientation of magnets in individual magnetrons [81], see Fig.2. The knowledge of
this fact is of key importance for a placing of the substrate on which the coating is sputtered in front of the dual
magnetron.

| substrate |
—c{
‘ MAGNETRON 1 I I MAGNETRON 2 l
MAGNETRON 1 pulse power MAGNETRON 2
generator
discharging
d Uy

0 Jg ,ng 0 £ | 2 | |_
?M A | b
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sputtering o T o T

Fig. 1. Schematic diagram of symmetric bi-polar dc pulsed dual magnetron sputtering [80].

a) b)

Fig. 2. Photos of the discharge of the dual magnetron operated in a bipolar mode at repetition frequency of pulses

fi=100 kHz, discharge current /3= 0.5 A in nitrogen at px, = 0.5 Pa. (a) Closed magnetic B field and (b) Mirror

magnetic B field [82].

The energy £ delivered to the growing coating has a crucial effect on its structure, microstructure, elemental and
phase composition, and physical properties [83-88]. The energy can be delivered by (i) the substrate heating &,
(ii) the conversion of the kinetic energy &, of bombarding ions (&) and fast neutrals (&) incident on the surface
of growing film, (iii) the heat evolved during formation of the compound &, (the energy released in exothermic
chemical reactions), (iv) the heating from the sputtered magnetron target &,, which almost always is not
perfectly cooled, and (v) the radiation from the plasma &,,,. The total energy Er delivered to the growing coating
can be expressed by the following formula [88]

ST = SSh (Tsa td) + Sp (Usr isa ap, P, td) + sch (tdr Ta) + Smt (Wda tda ds-t) + srad (td) (1)

where 2, is the time of the film deposition, T, is the annealing temperature, pr= pa:+ prg is the total pressure of
sputtering gas mixture, ps, and prg are the partial pressures of argon and reactive gas (RG), respectively,
Wy= (Ugly)/S is the magnetron target power density, Iy and Uy are the magnetron current and voltage,
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respectively, S is the whole area of magnetron target and dg, is the substrate-to-target distance. The energy
delivered to the growing coating by incident particles €, is composed of two terms

E~=&vt En (2

In the simplest case of a collisionless, fully ionized plasma when &z, = 0, the energy &, can be expressed in the
following form [84-88]

&, [Vem’] = &y = & (VilVe) = (U, - Up)ivap ~ (Usiy)/ap 3)

where &; is the energy of one ion, v; and v, is the flux of ions and condensing atoms, respectively, and e is the
electron charge, Uj is the substrate bias, U, is the plasma potential, i, is the substrate ion current density and ap, is
the film deposition rate.

Despite the fact that Eq.(3) is very simplified it is very useful because it can use the measured values of U, i; and
ap not only to assess easily the energy &, delivered to the growing coating but also to determine necessary
electron density of the plasma in the magnetron discharge to reach a required value of &,. Moreover, this
formula clearly shows a very strong effect of the deposition rate ap on the value ;. This effect is very important
particularly in a reactive magnetron sputtering when the deposition rate ap decreases with increasing partial
pressure of reactive gas prg at the same discharge current Iy of the magnetron discharge, see Fig.3. From this
figure it is clearly seen that in formation of the stoichiometric and overstoichiometric Ti(Fe)N, > ; nitride coatings
a greater energy &, is delivered during their growth compared with that delivered to the substoichiometric
Ti(Fe)Ny < 1; here x = N/(Ti + Fe). It is very important fact because the magnitude of the energy &; decides on
the microstructure and the macrostress ¢ generated in growing coating. More details are given below in the
section 4.
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Fig.3. (a) Deposition rate ap of Ti(Fe)N, films and (b) energy Ey; delivered to them during their growth by
bombarding ions as a function of py,. The films were sputtered using a DC magnetron equipped with a TiFe
(90/10 at.%) alloy target of 100 mm in diameter at (i) I;=1 A, i;= 0.5 mAcm?, (i) Iy=2 A, i;= 1 mAcm?, (iii)
I;=3 A, i;=1mAcm?, and U,=-100 V, T,= 300°C, d, = 60 mm and pr= pa, + px2 = 0.5 Pa [80].

The value of the & is controlled by three parameters: (1) the substrate bias U, (2) the substrate ion current
density i, and (3) the deposition rate of coating ap. The substrate bias Uy is negative and should be low (| UJ < 50
V) to avoid the generation of defects in growing coating. The substrate ion current density is should be greater
than 1 mA/cm’ to efficiently influence the growth mechanism of growing coating. The deposition rate ap should
be selected according to the requirement what coating — porous coating with columnar microstructure and tensile
macrostress (¢ > 0) or dense coating with voids-free microstructure and compressive macrostress (¢ < 0) —
should be formed. For the formation of porous coatings a lower energy &, is sufficient. On the other hand, a
higher energy &, is necessary to form dense, voids-free coatings; for details see below the section 4.
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The achievement of a higher energy &, in sputtering systems is a quite difficult problem. The magnitudes of i
and ap strongly depend on the discharge power P4 and the distance dg between the substrate and the sputtered
target. The energy &, can be increased by decreasing the deposition rate ap. The decrease of ap at constant Py
can be achieved by increasing d,, because ap ~ l/(ds_t)Q. However, increase of d,; means that the substrate is
located into less intensive discharge from which lower ion current I can be extracted to the substrate at a given
value Us. It results in no increase but on the contrary in the decrease of the energy &,;. Therefore, it is necessary
to increase the ionization of the sputtering gas. It can be achieved by an independent ionization of sputtering gas
in the sputtering system. The independent ionization of sputtering gas can be realized, for instance, either using a
hot cathode electron beam or hollow cathode discharge or their combination, see Fig.4. These sputtering systems
are perspective for the sputtering of coatings at higher values of the energy &, and the formation of new
advanced nanocomposite coatings. Recently, high power impulse magnetron sputtering (HIPIMS) process was
developed [89-102]. In HIPIMS process when extremely high target power densities W, = Uyl/S; ranging from
~100 W/em? to ~ several kW/cm? are used at low values of the duty cycle ©/T < 0.1 very high deposition rates ap
during pulse on time and high ionization of sputtered atoms (up to 90%) are achieved. It means that the HIPIMS
process can substitute the cathodic arc evaporation process and produce coatings without macroparticles. It is
main advantage of the HIPIMS process. However, the high deposition rate ap, of coating about several hundreds
of nm during its growth, i.e. during the pulse on time, results in the decrease of the energy &,; delivered by ions
to growing coating. At present, the effect of the energy £, on properties of coatings produced by the HIPIMS
process is not still understood well and thus it is intensively investigated in many laboratories worldwide. For the
low-temperature (T, < 100°C) sputtering of nanocomposite coatings new magnetrons operating at low pressures
p < 0.1 Pa of sputtering gas are necessary to be developed [74]. These examples clearly show that for the
creation of the advanced nanocomposite coatings with new unique properties new magnetrons and sputtering
systems need to be developed.

bias bias
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Fig.4. Magnetron with additional ionization of sputtering gas using a) the electron beam, b) the hollow cathode
discharge and c) the inductively coupled RF discharge. Adapted after Ref. [80].
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3. Flexible hard nanocomposite coatings and their main characteristics

The principle of formation of the flexible hard coatings can be explained with the aid of the Hooke’s law
c=¢E 4)

where o is the stress (load), € is the strain (deformation) and E is the Young’s modulus. If we need to form the
material which allows a high elastic deformation prior to a failure, i.e. the material with a high value ¢ at a given
value of stress o, its Young’s modulus E must be reduced. It means that the materials with the lowest value of
the Young’s modulus E at a given hardness H (o = const) need to be developed. It is a simple solution but a quite
difficult task. A possible behaviour of the material can be best illustrated in the stress o vs. strain plane. The
stress o vs the strain &€ dependences for brittle, tough, resilient and ductile hard coatings are schematically
displayed in Fig.5.

Superhard materials are very brittle, exhibit almost no plastic deformation and a very low strain at failure € = &;.
Hard and tough materials exhibit both the elastic and plastic deformation. The material withstanding a higher
strain €, << & < g, Without cracking exhibits a higher toughness. The hardness of tough materials is higher in
the case when a greater value of &, is achieved at higher values of 6,,,,. Such materials exhibit a high strength.
On the contrary, the materials with 6 < . and gomax < € < €3 are ductile, exhibit a lower strength and a high
ductility. Hard and tough materials with no plastic deformation (blue line 0A) are the resilient hard coatings with
100% elastic recovery W.. The hardness H of hard, tough and highly elastic coatings, ranging from about 15 to
25 GPa, is, however, sufficient for many applications. The main advantage of the highly elastic (flexible)
coatings with a low plastic deformation is their enhanced resistance to cracking. These are reasons, why the hard,
tough and flexible hard coatings are now intensively developed in many labs worldwide. The hard and
simultaneously tough and flexible coatings represent a new generation of advanced hard nanocomposite
coatings.

The analysis given above shows that a new task in the development of advanced hard flexible nanocomposite
coatings with enhanced toughness is to master the formation of coatings with (i) the low value of the effective
Young’s modulus E" and (i1) a high value of the elastic recovery W,. The hard flexible coatings with enhanced
toughness, low values of E” and high values of W, were already prepared by magnetron sputtering [41,44-52].
Also, it was found that these hard nanocomposite coatings with enhanced toughness exhibit (i) the enhanced
resistance to cracking and (ii) the high ratio H/E" > 0.1 and (iii) the high elastic recovery W, > 60%. More details
are given below and in the reference [41].

COATINGS
BRITTLE TOUGH DUCTILE
superhard hard
@ (o} deformation
g ’ elastic elastic + plastic
@ HIGHLY B
o A4 ELASTIC e o

\"/ rupture
DUCTILE

deformation *

t
0 g D €6 max E2 g €

—> Strain

Fig.5. Schematic illustration of stress 6 vs strain € curves of super-hard (brittle), hard (tough), hard (resilient)
and ductile coatings. Resilient coatings exhibit no plastic deformation (line 0A). Adapted from Ref. [41].

4. Design of flexible hard nanocomposite coatings
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During many investigations of the interrelationships between the deposition parameters of coatings and their
properties the general rules enabling to design the hard coatings resistant to cracking were discovered. It was
found that these coatings should exhibit simultaneously the following properties [41,44]

1. The low effective Young’s modulus E’ resulting in a high ratio H/E" > 0.1 and the high elastic recovery W, >
60%

2. The dense, voids-free microstructure.

3. The compressive macrostress (o < 0)

All these properties (H, E’, W,, H/E" ratio, microstructure, macrostress , elemental and phase composition) of
hard coatings resistant to cracking are controlled by (1) the energy &, = &. + &, delivered to the growing
coating by condensing atoms (&) and bombarding ions (&;) and the substrate heating (T;) and (2) the kind and
the amount of elements added in the base material of coating what moreover decides also on the value of the
melting temperature T,, of the coating material. The relationships between the energy &,;, the microstructure of
coating, the macrostress ¢ generated in growing coating and the melting temperature T, of the coating material
are clearly illustrated in Figs. 6 and 7.

Fig.6 shows the evolution of the film microstructure in 3D representation as a function of the Ty/T,, ratio (the
equilibrium heating of substrate) and the sputtering pressure of argon pa,, i.e. as a function of the energy &,
delivered to the growing film by incident condensing of neutral particles (non-equilibrium heating). The
evolution of the film microstructure displayed in Fig.6 is called the structural zone model (SZM). The SZM of
the sputtered metallic films was developed by J.A.Thornton in 1977 [104]. The SZM is divided in four zones: (1)
the zone 1 composed of tapered crystallites separated by voids, (2) the zone T composed of fibrous grains
embedded in a voids-free amorphous matrix, (3) the zone 2 composed of columnar grains separated by dense
inter-crystalline boundaries [105] and (4) the zone 3 composed of recrystallized grain structure. The boundary
between the zone 1 and the zone T corresponds to zero macrostress ¢ = 0 generated in sputtered films and
separates the films with a low-density microstructure composed of columns separated by voids (the zone 1) from
the films with a dense, voids-free microstructure composed of fibrous grains embedded in an amorphous inter-
grain phase (the zone T). Very different microstructure in the zone 1 and the zone T is a main reason why
properties of the films formed in the zone 1 and the zone T so strongly differ and why the films formed in the
zone T exhibit unique properties.

Fig.6. Structural zone model (SZM) of sputtered metallic films developed by J.A.Thornton. Adapted after Ref.
[104].

Fig.7 shows the macrostress ¢ as a function of the energy &,;. The effect of the melting temperature Ty, of film
material on the magnitude and kind of macrostress ¢ and on the microstructure of film are also clearly seen in

this figure. The macrostress ¢ generated in the growing film also very well correlates with its microstructure; see
Fig.6 and photos inserted in Fig.7. From Fig.7 four general and very important issues can be drawn

1. The macrostress ¢ changes from tensile (¢ > 0) to compressive (6 < 0) with increasing energy &y,
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There is a critical value of &,; = &, at which films exhibit zero macrostress ¢ = 0.

3. The values of the macrostress ¢ and the critical energy &. depend on the melting temperature T,, of the
film material.

4. The macrostress ¢ and the critical energy &, increase with increasing T,, of coating material.

The magnitude of the critical energy &, depends on (i) the substrate bias U and the substrate ion current density
i, (i1) the deposition rate ap of film, (iii) the sputtering gas pressure p, (iv) the substrate temperature T, (v) the
kind and amount of the element added in the film what determines the melting temperature T, of the film
material, and (vi) the contamination of film by oxygen O and nitrogen N from a residual atmosphere in the
deposition chamber when the film is deposited at low deposition rates ap [107], i.e. that the critical energy E. =
f( Ey;, elemental composition, T,,, p, po) is a very complex function depending on many deposition and film
material parameters; here p is the sputtering gas pressure and py is the base pressure in deposition chamber.

Many experiments performed so far show that the films formed in the zone T exhibit not only dense, voids-free
microstructure composed of tiny fibrous grains embedded in an amorphous matrix and compressive macrostress
o < 0 but also a high ratio H/E™ > 0.1 and high values of the elastic recovery W, > 60%. It means that films
formed in the zone T can be flexible and thereby automatically can exhibit an enhanced resistance to cracking if
the sufficient energy £ > &, is delivered in films during their growth. Three examples of flexible films are given
below in the section 5, 6 and 7.

o [GPa] 87 d-TiN A 00l
T 6 Tm =3200 K A—hk0
-100V 1507 high melting point material
44 oy
5] " TENSION
-10
N 0.5 1.0 1.5 2.0 25
0 .’i“v o T T T 1
_p ]P0 1150 o0\ B Ebi [MJ/cm3]
I Be COMPRESSION
6 o - Ti(N)
Tm=1930K -250v
—g8 J low melting point material

Fig. 7. Macrostress o in sputtered o - Ti (N) and 6 - TiNj . ; films as a function of energy Ey; = Uiis/ap delivered
to them by bombarding ions at pr = pa, + pn2 = 5 Pa and T = 350°C, i.e. at T/T,, = 0.32 and 0.19 for the o -
Ti(N) film and the 6 - TiNy . (film , respectively. Adapted after Ref. [24,106].

In summary, it can be concluded that the formation of films with microstructure corresponding to the zone T of
the Thornton’s SZM requires deliver to films during their growth a sufficiently high energy & which must
exceed the critical energy &..

5. Flexible protective coatings

In many cases, the surface of materials needs to be protected against damage, for instance, scratching, oxidation,
corrosion, erosion, etc. In these cases protective coatings are used. Such coatings have to be simultaneously hard
and flexible, and particularly when they are deposited on flexible substrates they must exhibit an enhanced
resistance to cracking during the substrate bending. Such the properties exhibit flexible hard films described
above.
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The resistance of the protective flexible coating to cracking is demonstrated in the Zr-Al-O system. In this
system the flexibility of coating and its resistance to cracking is controlled by the Zr/Al ratio, i.e. by the
elemental composition of coating. The Zr/Al ratio strongly influences the mechanical properties of the Zr-Al-O
coating and thereby its resistance to cracking. The Zr-Al-O coatings with a low ratio Zr/Al < 1 exhibit a low ratio
H/E" < 0.1 and a low elastic recovery W, < 60 %, are brittle and easily crack in bending. On the contrary, the Zr-
Al-O coatings with a high ratio Zr/Al > 1 exhibit a high ratio H/E" > 0.1 and a high elastic recovery W, > 60 %,
are flexible and well resists to cracking in bending. This fact is illustrated in Fig.8. More detail is given in Ref.
[46,48].

Recently, the resistance of the film against cracking was demonstrated also in the following coating systems: (1)
Al-Cu-O oxide/oxide nanocomposite coating [45], (2) Zr — Al — O oxide/oxide nanocomposite coating [46,48],
(3) Al-O-N nitride/oxide nanocomposite coating [47], (4) Si — Zr — O oxide/oxide nanocomposite coating [49],
(5) Ti-Ni-N nitride/nitride nanocomposite coating [50], (6) Al-Cu-N nitride/nitride nanocomposite coating [51]
and (7) (Ti,ALV)N; nitride/nitride nanocomposite coating [52]. All these coatings exhibit the high ratio H/E">
0.1 and high elastic recovery W.> 60%. This finding clearly indicates that the high ratio H/E"> 0.1 and high W,
> 60% are key parameters necessary for the formation hard films resistant to cracking. For more details see the
papers [45-52].

Brittle hard coating Flexible hard coating
H/E*=0.06, We = 44% H/E*=0.118, We =75%
cracks no cracks

| |
| direction of bending

Fig.8. Comparison of surface morphology of (a) brittle and (b) flexible ~3000 nm thick Zr-Al-O coating
reactively sputtered at Uy = Uy, T, = 500°C and pr = 1 Pa on Mo strip after bending around steel cylinder of
radius r = 12.5 mm [44,48].

6. Flexible functional coatings

Many functional coatings are brittle, easily crack and thus they lose its function during the operation. Therefore,
it is vitally important to develop flexible functional coatings with an enhanced resistance to cracking. The
possibility to form functional coatings resistant to cracking is demonstrated in two systems Cr-Cu-O [103] and
Al-Cu-N [51] of antibacterial coatings with different elemental composition. The Cu content in the coating
decides on its antibacterial function, i.e. on the efficiency of the killing of bacteria on the coating surface. The
efficiency of killing of bacteria increases with increasing Cu content in the coating, see Fig.9.
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Si 10.0 at.% 14.6 at.% 223 at.%

23.4 at.% 24.9 at.% 28.5 at.%

Fig.9. Photos of Petri dishes with Endo agar and colonies of Escheria coli bacteria cultivated from bacterial
suspensions which were in contact with a-(Cr-Cu-O) coatings with various at.% of Cu in the dark for 5 hours.
The films were sputtered on Si(100) substrate at floating potential (U=Uy) and T,=500°C [103]. Dark areas in
this figure are colonies of living Escheria coli bacteria.

From Fig.9 it is seen that a high amount of Cu of about 20 at.% in the Cr-Cu-O coatings is necessary to kill all
bacteria on the coating surface. However, such high content of Cu in the coating results in low values of H, E,
W, and H/E’ ratio, see Table 1. It means that the Cr-Cu-O film with ~ 20 at.% Cu exhibits a low mechanical
protection against fretting and cracking in bending, particularly in the case when the coating is deposited on a
flexible substrate. This coating exhibits 100% efficiency of killing of E.coli bacteria, see Fig.9 but very easily
cracks, see Fig.10 and Table 1. Therefore, it was highly desirable to develop an antibacterial coating which
simultaneously efficiently kills bacteria on its surface and exhibits an enhanced resistance against mechanical
damages and cracking. It was found that the Cr-Cu-N coating perfectly fulfils both requirements. The
replacement of O by N makes it possible (i) to reduce Cu content from ~20 at.% to ~10 at.% for 100% killing of
all E.coli bacteria and (ii) to increase the hardness H from ~ 3 GPa to ~ 20 GPa, the elastic recovery W, from 36
to 74%, H/E" ratio from 0.046 to 0.122, and to convert the macrostress o from tensile to compressive (o < 0), i.e.
to reach conditions which are necessary to produce highly flexible antibacterial coating with enhanced resistance
to cracking in bending. The enhanced resistance of the Cr-Cu-N antibacterial coating to cracking was confirmed
by its deposition on Mo strip (55 x 9 x 0.15 mm®) and bending around a fixed cylinder of radius r = 10 mm, see
Fig.10. It means that while the Cr-Cu-O coating is one-functional antibacterial coating, the Al-Cu-N coating is
two-functional antibacterial/flexible coating.

Cr-Cu-O Al-Cu-N

cracks no cracks

a) b)

Fig.10. Surface morphology of (a) Cr-Cu-O oxide coating with H/E'< 0.1 and (b) Al-Cu-N coating with H/E">
0.1 deposited on Mo strip (55 x 15 x 0.15 mm®) after bending around cylinder of radius r = 10 mm, respectively
[44,52].
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At present, one of the hottest tasks is, for instance, to develop and master the production of three-functional
flexible/transparent/electrically conductive coatings.

Table 1. Thickness h, deposition rate ap, deposition parameters, physical and mechanical properties of sputtered
Cr-Cu-O and Al-Cu-N coatings and the assessment of their resistance to cracking by bending illustrating in
Fig.10.

*

Coating h ap Ts Usp isp c Cu H E W. HE cracks
[nm]  [nm/min] [°C] [V] [mA/cm?] [GPa] [at.%] [GPa] [GPa] [%] bending

Cr-Cu-O 2190 18.3 500 Un - 0.1 19.5 32 70 36 0.046 yes

Al-Cu-N 2730 63.5 400 -100 1.38 -1.7 9.6 219 180 74 0.122 no

Here, ig, is the averaged substrate ion current density over negative pulse of substrate bias U, [44, 52,103].

In summary it is necessary to conclude that the formation of two- and multi-functional coatings with maximally
optimized functions is quite difficult but possible process. The formation of such films is controlled by a
combined action of the elemental composition of coating and the energy £ delivered to the growing coating
[41,44].

7. Flexible over-layer preventing cracking of brittle coatings

Sometimes it is impossible to form flexible functional coatings because these coatings are brittle. Therefore, it is
important to find a way how to prevent cracking of the brittle coatings. The principle preventing the brittle
coatings from cracking is based on over-coating of the brittle coating by the elastic over-layer with high ratio
H/E* > 0.1, high elastic recovery We = 60% and compressive macrostress ¢ < 0 [49].

The experimental evidence of the validity of this principle is illustrated in Fig.11. This figure shows the surface
morphology of (a) the single-layer brittle Zr-Si-O coating with low ratio H/E* = 0.08, low elastic recovery We =
50% and tensile macrostress ¢ = 0.25 GPa and (b) the two-layer coating composed of the same brittle Zr-Si-O
coating (the bottom layer) and the elastic Zr-Si-O film with high ratio H/E* = 0.1, high elastic recovery We =
68% and compressive macrostress = - 1.5 GPa (the top layer) sputtered on a Mo strip (60 x 10 x 0.1 mm®)
after bending of the coated strip around the cylinder with diameter of r = 12.5 mm. As expected, the single-layer
coating with the low ratio H/E*< 0.1, low elastic recovery We < 60% and tensile macrostress ¢ > 0 easily cracks
in bending around the cylinder of radius r = 12.5 mm already at a small bending angle a ~ 30°, see Fig.11a. On
the contrary, the two-layer coating in which the same layer 1 as in the single-layer coating is covered by the layer
2 with high ratio H/E* ~ 0.1, high elastic recovery We > 60% and compressive macrostress ¢ < 0 exhibits no
cracks even after bending up to angle a=180° around the cylinder with the same radius r = 12.5 mm, see
Fig.11b.
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Fig.11. Schematic illustration of (A) coating/substrate geometry, (B) method of bending of the coated Mo strip
and (C) photos of surface morphology of (a) single-layer Zr-Si-O coating with low ratio H/E*< 0.1, low elastic
recovery We < 60% and tensile macrostress ¢ > 0 (the layer 1) and (b) two-layer Zr-Si-O coating composed of
the bottom layer with low ratio H/E*< 0.1, low elastic recovery We < 60% and tensile macrostress ¢ > 0 (the
layer 1) and the upper layer with high ratio H/E* > 0.1, high elastic recovery We > 60% and compressive
macrostress ¢ < 0 (the layer 2) after bending around the cylinder with diameter of r = 12.5 mm [49].

This experiment clearly demonstrates that the brittle coating can be protected against cracking by the highly
elastic over-layer with high ratio H/E* > 0.1, high elastic recovery We > 60% and compressive macrostress G <
0. Here, it is worthwhile to note that the compressive macrostress (o < 0) of the elastic over-layer plays a very
important role preventing the brittle coating (the layer 1) from cracking. However, more experiments are needed
to be done to find the best way how to reach a maximal resistance of the brittle coating to cracking.

8. Flexible multilayer coatings resistant to cracking

Recent experiments indicate that the alternation of the macrostress ¢ in multi-layered coatings could be a new
approach in formation of very thick (= 10 um) coatings with enhanced resistance to cracking. This hypothesis
was tested in three-layer and four-layer Zr-Si-O coatings composed of alternating layers in tension (c > 0) and
compression (o < 0) sputtered on a Mo strip (60 x 10 x 0.1 mm®). The surface morphology of these Zr-Si-O
coatings together with the one-layer and two-layer Zr-Si-O coatings after bending around the fixed cylinder of
radius r =12.5 mm is shown in Fig.12. The layer in tension is denoted as the layer 1 (L1) and the layer in
compression is denoted as the layer 2 (L2). The first layer deposited at the substrate was always the layer 1. The
thicknesses h, of individual layers in the coating and its mechanical properties are given in Table 2; the index n
denotes the number of layer in the coating.

Laver 2

mueme 4
aySi i

-

Layer i

Layer 2 Layer 2

Layer 1 Layer 1

a) b) c) d)

Fig.12. Surface morphology of (a) one-layer, (b) two-layer, (c) three-layer and (d) four-layer Zr-Si-O coating
deposited on Mo strip after bending around fixed cylinder of radius r = 12.5 mm [49].
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Table 2. Thickness h, of individual layers in the multilayer Zr-Si-O coatings, their mechanical properties,
macrostress o in the top layer, and cracks created in multilayer coating during bending of coated Mo strip around
fixed cylinder of radius r = 12.5 mm [49].

Coating content hy h hs hy hr H E’ W, H/E® macrostress  cracks

of layers [nm] [nm] [nm] [nm] [nm] [Gpa] [Gpa] [%] intop layer  in bending
Coating A L, 3000 - - - 3000 12.6 161 50 0.078  tension yes
Coating B L;+L, 3000 3000 - - 6000 17.6 165 70 0.107  compression  no
Coating C  L+L,+L, 2500 2500 2500 - 7500 122 149 56  0.082 tension yes

Coating D L+L,+Ls+L, 2400 2400 2400 2400 9600 16.6 157 70 0.106  compression no

From Fig.12 it is seen that the alternation of the layers in tension and compression strongly influences the
resistance of the coating to cracking. Always, when the top layer is in tension (¢ > 0) the coating cracks. On the
contrary, when the top layer is in compression (c < 0) the coating does not cracks, i.e. the coating exhibits an
enhanced resistance to cracking. This is a very important phenomenon which can be used in the formation of
new advanced very thick (10 to 100 um) coatings. Also, it is worthwhile to note that the layer 1 is X-ray
amorphous and the layer 2 is crystalline; more details are in Ref. [44,49]. Based on this experiment new very
thick multilayer coatings composed of many crystalline/X-ray amorphous bi-layers can be realized, see Fig.13.
At present, such thick multilayer coatings are under investigation in our labs. Moreover, it can be expected, that
these coatings will exhibit new unique properties.

X-ray amorphous

“crystalling 5

7Z /gﬁgstrate/

Fig.13. Multilayer coating composed of alternating X-ray amorphous and crystalline layers.

X-ray amorphous

However, many questions still remain open. For instance, what is a minimum thickness of the layer in
compression which is sufficient to prevent the cracking of the multilayer coating, what is the effect of layers with
alternating macrostress ¢ on physical properties of the multilayer coating, what is the thermal stability and the
thermal conductivity of the multilayer coating composed of layers with macrostress ¢ alternating from tension (o
> 0) to compression (o < 0), what should be the structure and the microstructure of the layer on the
substrate/coating interface to achieve maximum adhesion of the coating to the substrate, etc. These tasks are a
subject of our next investigation.

9. Low-temperature sputtering of flexible nanocomposite coatings

In the section 4 above, it was shown that the flexible films can be formed in the zone T of the SZM. However,
to form coatings in the zone T it is necessary to overpass the boundary line between the zone 1 and the zone T,
which in the 2D representation of the SZM is a function of the ratio Ty/T,, and the sputtering gas pressure p, see
Fig.14. Therefore, it is important to show, how the location of the boundary line between the zone 1 and zone T
can be controlled. The principle of the low-temperature sputtering of films with microstructure of zone T is
based on replacement of the equilibrium substrate heating (Ts) by the non-equilibrium atomic scale heating
(ASH) [41,44,74].
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Fig.14. Thornton’s structural zone model (SZM) of sputtered films extended to the region of low sputtering gas
pressures. Adapted after Ref. [74].

The location of the boundary line between the zone 1 and the zone T in the SZM can be influenced by (1) the
energy &,; delivered to the growing film by bombarding ions when the films are formed at negative substrate
bias U; < 0 [108,109] and (2) by the energy Ey, delivered to the growing film by fast neutral particles controlled
by the pressure p of sputtering gas and increasing with decreasing p. The boundary line between the zone 1 and
the zone T shifts to lower values of the ratio Ty/T,, with increasing negative substrate bias U and decreasing
sputtering gas pressure p, see Fig.14. It means that the films with the microstructure of the zone T can be
formed at low values Ty/T,,, i.e. at low substrate temperatures T, even at unheated substrates (T, = RT). Here, it
is important to underline that the deposition of the films with microstructure corresponding to the zone T of the
Thornton’s SZM at low values of Ty/T,, ratio is possible also without using a negative substrate bias Uy, i.e. at
the substrate held at the floating potential (U, = Uy), when the films are sputtered at low pressures p, see Fig.14.
However, new low-pressure magnetrons need to be developed for the formation of films at very low pressures
p. More details are given in Ref. [42,61,74,80].

The possibility to form the films with the microstructure corresponding to the zone T of the Thornton’s SZM at
low substrate temperatures T, < 100° C is of a great potential for many advanced applications, namely for
flexible electronics, flat panel displays, MEMS systems, formation of functional films on polymer foils and
fabrics, etc. The formation of nanocrystalline or even crystalline films with the microstructure corresponding to
the zone T at low substrate temperatures T < 100°C can be realized also by the addition of selected elements in
the film because the melting temperature T,, of such films can be decreased compared to the pure films and
thereby the T/T,, ratio can be increased.

In summary it can be concluded that the films with dense, voids-free microstructure, compressive macrostress G
< 0 and enhanced resistance to cracking can be formed in the zone T of the Thornton’s SZM also at low
substrate temperatures T, < 100°C, i.e. at low values of Ty/T,, ratio, when sufficient energy &, is delivered to
the growing film by bombarding ions and/or when a low sputtering gas pressure p is used. Very important role
in the low-temperature sputtering of the flexible films plays also the melting temperature T, of the film material
which (i) decides on the value of Ty/T,, ratio and (ii) can be controlled by the addition of selected elements in
the film.

10. Conclusions

Up to now, four important milestones have been achieved in development of the hard nanocomposite coatings:
(1) the hard/hard two-phase nanocomposites with enhanced hardness H composed of two hard phases, (2) the
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hard/soft nanocomposites with enhanced hardness H composed of one hard and one soft phase, (3) X-ray hard
nanocomposites with high thermal stability and oxidation resistance up to ~ 1500 °C and (4) flexible hard
nanocomposite coatings with high toughness and enhanced resistance to cracking. The principle of formation of
the flexible hard nanocomposite coatings and several applications are reported in this article. However, there are
further tasks which have to be mastered in the development of new advanced hard nanocomposite coatings.
These tasks can be briefly summarized as follows

1. The low-temperature sputtering of flexible, hard, two- and multi-functional nanostructured and
nanocomposite coatings.

2. The form single-phase crystalline coatings thermally stable in a wide range of temperatures from the
room temperature up to very high temperatures approaching the melting temperature T,, of the coating
material.

3. The detailed investigations of interrelationships between the coating properties and the energy £
delivered to the coating during its growth or in a post-deposition treatment process.

4. The development of new deposition systems operating under new physical conditions.

There is no doubt that every even a small progress in the solution of these tasks will strongly contribute to
deepen our knowledge in the field of advanced hard nanocomposite coatings and will represent a huge potential
for realization of new advanced applications.
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