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Various techniques based on plasma application have beeessfutly used for
deposition of superhard nanocomposite coatings. These daelnpossess many varying
parameters, which in turn influence the properties of avigp coating. Therefore it is
important to reveal common regularities, if any, betwehe process parameters and
properties of the coatings. The paper addresses thishiasad on the results acquired by the
application of plasma assisted CVD and PVD methodse Hters shown how different
deposition parameters, such as working gas pressure, bia®rapdrature, affect coating
properties, mainly hardness. These parameters are foura/e a complex influence and the
effect caused by variation of one deposition parametetbeasimilar to that of another one.
This presents an opportunity to improve other propertieseo€dlating while maintaining the

hardness.
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1. Intr oduction

By definition, superhard materials are those which feaeaardness value higher than
40 GPa. Designing of nanostructured coatings requires dhgideration of many factors,
such as the interface volume, crystallite size, serfand interfacial energy, texture, strain,
etc., all of which depend significantly on deposition roe) parameters and conditions [1—
10]. The well known generic concept for the design of swgrdrnanocomposites is based on
thermodynamically driven segregation in binary (ternary,temary) systems, where the
hardness reaches 50 GPa and even higher values [11-18kdFhgation can in some cases
be completed by post-annealing resulting in hardnessaserfd9-22]. Another approach to
reach high hardness is based on the formation of Bangoeonsisting of a hard transition
metal nitride and a soft metal which does not form tleelynamically stable nitrides [23—-25],
and these systems often show lower thermal stabéigaling a decrease of the hardness
upon annealing.

To fulfil the requirements for successful productionwderhard nanocomposite coatings,
various techniques based on plasma assistance are useadcHiigues contain a wide range
of varying parameters, and this paper concerns both the qaelsnand how the deposition

parameters influence the characteristics of the depasihgs.

2. Deposition techniques

Plasma assisted chemical vapour deposition (PACVD) andigaityapour deposition
(PVD) techniques are within those widely used for demositif superhard nanocomposite
coatings. They both have advantages and disadvantage®amte other which are briefly
discussed below. In addition, some other techniques basé&xbser ablation, electron or ion
beam bombardment, etc. are utilised for productionnamostructured coatings which

demonstrate advanced mechanical properties [26—-33].



2.1. Plasma assisted CVD

In PACVD process, coatings are deposited by breaking ddwgageous precursors
resulting in the appearance of active radicals, whien florm a coating on a substrate. The
application of glow, arc or another type of dischargép$ to deposit dense coatings with
relatively low compressive stress. A high depositiore rand uniform deposition for
complicated geometries are the advantages of PACVD [33A®8lurate control over the
composition of a growing coating by varying of flow ratdsthe gases used in PACVD is
more convenient and reproducible than controlling evapaoraiiosputtering rate in PVD.
However, PACVD coatings have the disadvantage of beingaped by means of highly
corrosive gases. Furthermore, a low deposition temperauequired for some applications,
which is difficult to realise in PACVD.

Thus, PACVD techniques ensure an intensive bombardmene authstrate by forming
species and provide high particle surface mobility sufficfen the phase segregation, and
various coatings with advanced mechanical properties sascessfully been deposited using

this technique [3, 4, 19, 37-43].

2.2. Magnetron sputtering

Reactive magnetron sputtering is one of the most stashiddroadly used techniques for
deposition of a wide range of coatings. Numerous studih, theoretical and experimental,
have been performed to find out how process parametecs eféedeposition rate, structure,
stress, etc. [44-51].

Precise control and determination of the grain sizen@ortant for nanocomposites and
many PVD process parameters affect it, including suiesttemperature, bias voltage,
discharge current, and partial pressure of reactive dgescdnventional reactive magnetron
sputtering is far less dangerous and a low-temperature teggn@€o-sputtering from single

element targets allows independent regulation of eaahceahus enabling adjustment of



chemical stoichiometry of the coating. A wide range ariatomposites has been synthesized
using the sputtering method [52—66].

On the other hand, high compressive stress is commdsireed in coatings deposited
by magnetron sputtering at low pressures where it typicedches 4—6 GPa and higher (e.g.,
[66—72]). Specifically, this stress is often responsiblethier high hardness and therefore the

hardness can decrease during annealing due to stress oglaxati

2.3. Vacuum arc deposition

Similar to magnetron sputtering, great attention hashhaid to cathodic vacuum arc
deposition and many studies have been performed on diffgqeed df cathodes, magnetic
filters, etc. [73-85]. In contrast to PACVD and magnetron tespng, where the glow
discharge plasma of a background/reactive gas is use@ @athodic vacuum arc deposition,
a highly ionized plasma of the cathode material is prodbgechthode spots moving on the
cathode surface [74, 75]. This technique has some advantagemayeetron sputtering: a
higher ratio of ionized particles to neutrals reaching atsatles higher particle energy and the
total particle flux resulted in reduction of stress hie growing coating [84, 86, 87]. As an
example, Choet al. [88] used a hybrid system of arc ion plating (Ti cathcate) sputtering
(Si cathode) for the deposition of Ti-Si-N coatings andias found that the mean particle
energy of Ti ions is almost two times higher than tfa®i ions, since the charge distribution
of Ti ions was shifted to ¥i and T?* states, while for Si the main charge state wéas Si

For this reason, the plasma arc, often combined witér ®ND or even CVD processes,
is extensively used for deposition of superhard nanocompasitesearch laboratories and

industry [88-97].

2.4. Comparison of PACVD- and PVD-produced coatings



Generally, if the technique used can provide high flux andigodf the forming species,
proper stoichiometry of a growing coating, and weak poirdgssamehow avoided or at least
diminished, there should be no difference in what pagicmethod of deposition is applied.

Karvankovaet al. showed [4] that the nc-TiN/a-BN coatings deposited leams of
PACVD revealed the value of 45-55 GPa due to the formatistable nanostructure. The
same coatings deposited by vacuum arc evaporation oidTinroducing BNsHe at a bias of
-100 V had a biaxial compressive stress exceeding 5 GPa, vettécted upon annealing and
led to a decrease of the hardness from initial 45-55 GPadd@Pa. In contrast, in study by
Prochazkaet al. [5], nc-TiN/a-SiN4 coatings were deposited by PACVD and magnetron
reactive sputtering facilities and the latter was fouadbe very capable of producing
thermally stable superhard (hardnesd45 GPa) nanocomposites if high enough nitrogen
pressure and temperatures are applied.

The nc-(TixAlx)N/a-SgN4 nanocomposite coatings reported by Mannletgal. [19]
were deposited by vacuum arc evaporation at a temperdt80€°€. The crystallite size and
hardness of different samples showed a variatioralmfut 1.5-6 nm and 30-40 GPa,
respectively. Upon annealing at 600-800n a reactive gas, all samples revealed a more or
less pronounced increase in hardness and structurshtiela towards a uniform crystallite
size of 3—4 nm. These results are in agreement witldéaeof the spontaneous formation of
an optimum nanostructure with high hardness and thestaddility when the elemental
composition and nitrogen activity are adjusted appropriagalg the temperature is

sufficiently high to allow self-organisation to occur.

3. Influence of system configuration and deposition parameterson the

har dness

3.1. Magnetic field arrangement



As known, magnetic field arrangement can strongfgcafplasma chemistry making it
possible to control the charge state of the particlegray to the substrate [98]. Furthermore,
under low energy ion bombardment, effectively corglby applied magnetic field, the
radiation damage in the subsurface region is reduced, thkilad-atom mobility is enhanced.
A comparison of different plasma PVD processes giveBtbguss and Pulker [87], including
magnetron sputtering and vacuum arc, deals exactly vatpribblem of how to increase both
the ion/atom arrival ratio and energy of the partidlg extra magnetic fields.

Ribeiro and co-workers [99] deposited Ti-Al-Si-N coatimgshigh-speed steel substrates
by DC reactive sputtering with the aim to understand thaugon of the mechanical
properties as a function of different magnetic fieltishe substrate position, which allowed
the variation of the ion/atom ratio of the partidlex arriving at the substrate surface. A
significant density increase of the coatings was ofskin the presence of the external
magnetic field. The same system was used for depositi®RSi-N coatings and it was found
that, in addition to the ion/atom ratio and depositiate, variation of the magnetic field near
the substrate markedly affected the substrate tempenasuéting in the formation of the
stable nc-TiN/a-SN4 nanocomposite [58]. The importance of the ion fluxvmted by a
proper arrangement of the magnetic field was emphabizé&dm et al. [60], where superhard

Ti-Al-Si-N coatings were deposited by reactive sputtering.

3.2. Spatial arrangement of the target and substrate

A confocal arrangement of the target and substrate prowdee uniform deposition
over a lager area, as compared to the parallel one [EQfhermore, such an arrangement,
combined with rotation of the substrate, results inftmenation of less texture pronounced
structures which is often beneficial. Thus, substratatiost of 10 rpm and confocal
arrangement of the two magnetron sources was appliedgdiarimation of superhard Ti-Al-

Si-N coatings by Kinet al. [60].



The results of the formation of Ti-Si-N coatings f@active sputtering from Ti and Si
targets reported by Rebouta aadal. [55] showed that the highest hardness values for
samples positioned far from the target were obtaineddatings prepared at lower deposition
rates, while for those positioned closer to the targle¢esbest hardness value was obtained at a
higher applied current, i.e. higher deposition rate.

The idea of rotating substrate during deposition aboutx&n lging on the substrate
surface was proposed and realized by étesd. [101] with the aim to reduce the compressive
stress. Here, deposition of LBIC nanoscale multilayers was performed with a reactive
unbalanced magnetron sputtering system using @il TIN targets. Substrate rotation was
found to generate lower intrinsic stress (less tharP@ &gainst 4—7 GPa at no rotation). At
certain times during the rotation cycle, energetic neytaaticles bombarded the growing
coating at oblique angles, thus giving rise to more efiicimomentum transfer and hence
greater mobility of surface ad-atoms. In addition, theas no deposition for half a rotation
cycle. Therefore, there was more time available fogramion of surface species to fill in
voids resulting in a denser structure [102]. The hardnesstated coatings reached values of
60 GPa and even slightly increased after 1 hour of annealiaggon at 1000°C, while the
hardness of non-rotated ones was well below 40 GPatwdield rotation was utilized by
Willmann and co-workers [95] for deposition of Al-Cr-N m&omposites by vacuum arc

which helped to obtain more uniform coating properties.

3.3. Reactive gas pressure

Reactive gas pressure is easy to monitor and vary aedffets on the growing coating
characteristics is hard to overestimate. To providécseriit particle activity at the substrate,
the reactive gas pressure has to be of high value fef.,[5, 13]). Furthermore, at low
pressures the deposition rate of the active gas spiscaso low and contamination of a

growing coating with impurities becomes an issue. Onother hand, when increasing the



pressure in sputtering systems, one also increasesuthben of collisions between the

particles, thus reducing the energy of the particles agiw the substrate (e.g., Ref. [64,
103]). One more drawback of the high pressure comes frosomiog of the target that

drastically affects the sputtering rate. Thereforerethe an optimum pressure value that
provides the best mechanical properties of the coating.

The microhardness of sputtered Zr-Ni-N [1] and Zr-Y-N [1€ddtings studied by Musil
and co-workers was found to strongly increase with inangasf nitrogen partial pressure
revealing a maximum at ~0.03 Pa. FosAl«N coatings formed by magnetron sputtering of
a TiAl target (Ref. [105]) the hardness exhibited a well dged maximum at the nitrogen
pressure of 0.025 Pa and a minimum at 0.075 Pa, which was texhméth dramatic changes
of the structure of the coatings. Neverthelesshaké¢ values of nitrogen pressure seem to be
insufficient to provide the formation of the thermallyalsdle structure. For instance,
Karvankovaet al. [4] found that the thermal stability of even the fudlggregated binary TiN-
BN system depended on the nitrogen pressure. Up to an ordeguiitude higher nitrogen
pressures than those mentioned above were used for tadpadivarious nanocomposites,
such as nc-TiN/SN, [58], Ti-Al-N-C [59, 72], Ti-Al-Si-N [60], Ti-Al-N [63], Ti-Al-V-N
[64], W-Ti-C/N [65]. On the contrary, Mayrhofet al. [61] deposited Ti-B-N coatings from a
TiN-TiB, segmented target with no nitrogen gas used.

PVD systems based on vacuum arc discharge usually gilaéar values of pressures
but the ionization ratio of the incoming particle fluxdcsubstrate is higher for arc sources,
therefore particle activity is also higher. Lenal. [90] carried out the deposition of Ti-Al-N
coatings, and the nitrogen pressure was kept at 0.075 Ratiwhiflow rate of nitrogen was
varied. The latter was found to help reducing stress isdhéing to the level of 1.5-2 GPa. A
number of coatings, Ti-Si-N, Ti-Al-Si-N, Ti-Al-V-SN, and Zr-Si-N, deposited by Martet
al. [94] at the nitrogen pressure of 0.8 Pa revealed the ferdipeto 42 GPa. However, they

also exhibited high compressive stress up to 7 GPa. Bgradhyethod of arc ion plating and



magnetron sputtering, Cr-Si-C-N coatings were producél the hardness of ~43 GPa and
low friction (Jeonet al. [91]), while the working pressure was as high as ~0.07 Rai.eCal.
[88] and Parlet al. [92] reported on deposition of superhard Ti-Si-N and TBAN coatings
by the same technique resulting in the hardness of taBnge ~55-60 GPa at the total
pressure of only 0.07-0.08 Pa. A similar technique was used fositiepoof Ti-Cu-N in
pure nitrogen atmosphere of 0.4 Pa, which demonstrated tiheelsarof 45 GPa and friction
coefficient of 0.3 [106], though the coatings could not bassified as “classical”
nanocomposites. In study by Karvankova et al [4], the deposdof nc-TiN/a-TiB was
carried out at a zero nitrogen pressure but with the useratine (BN3sHg). In turn, the high
nitrogen pressure of 3.5 Pa was applied for deposition @A coatings by Willmanet al.
[95].

The working pressure in PACVD is much higher than tha®WD systems. Thus, the
total pressure of ~100 Pa was applied for deposition of-N-&atings [16, 38], 133 Pa for
Ti-Si-C [40], 200 Pa for TiN/Ti-B-N multilayers [42], 20@® t240 Pa for Ti-Si-C-N [39],
300 Pa for nc-TiN/a-BN/a-TiB[43], etc., and even if nitrogen fraction in the totalsgree is
only ten percent or so, it is still about two orders afymitude higher than that in sputtering
systems.

However, high pressures required for successful formatidn the superhard
nanocomposites have their own drawbacks, namely pogaiiboth the targets and growing
coating.

A common problem during PVD coating formation is a decréagbe deposition rate
(actually, sputtering rate) due to poisoning of the targestlidy by Musilet al. [1], the
deposition rate of Zr-Ni-N was found to decrease from 225 mt no nitrogen to ~0.75 nm/s
at the nitrogen pressure of 0.05 Pa due to the covering tdriiet surface with a ZgNitride
possessing a lower sputtering rate. Composition measurecanied out by Rebouta and co-

workers [55], where steel substrates were coated witi-N-by reactive sputtering, revealed



a non-linear correlation between the Si contentenstiimples and the current applied to the Si
target. As assumed, this behaviour resulted from somenmogseffect, especially in the case
of low currents at the Si target. Polakostaal. [64] reported that the deposition rate was
found to have a complex dependence on the nitrogen presstalepressure, substrate to
target distance, and magnetron discharge current.

Another serious problem is the poisoning of the growingimgaits influence on the
superhard coating characteristics was thoroughly studiedepye¥ and co-workers [5, 107],
where nc-TiN/a-SN4 coatings were produced by PACVD, as well as PVD magmetro
sputtering. Both the working gas containing chlorine and hydrogetagée of PACVD) and
oxygen were considered as contaminants in the coatinghigjhehardness could be obtained
only when the impurity content of the coatings is keptigently low, namely<0.5 at.% for
chlorine and<0.05 at.% for oxygen. Already 0.1 at.% of oxygen resulted moticeable
decrease of the hardness, and no superhard nanocompasitésbe obtained when the

oxygen impurity content reachef.3 at.%.

3.4. Bias voltage and discharge current

One of the important parameters which control theektometry and the formation of the
nanostructure is the discharge current density at thdratésluring deposition: as it was
shown by Veprelet al. [3], at a “high” current density above 2.5 mAfcetoichiometric nc-
TiN/a-SgN, was formed, whereas at a “low” current density of 1enf&/the multiphase
nanocomposites nc-TiN/a<Bls/a- and nc-TiSiwere obtained. Higher hardness of Ti-Al-V-N
coatings was observed when the current density wasaised from 0.5 to 1.5 mA/énisee
Ref. [64]). As mentioned above, high ion current denséd#&sbe achieved by the application
of additional magnet coils which focus ions to the salbstand provide a high level of ion

bombardment, as was carried out for Ti-Si-N [58] and\F$i-N [60] coatings.
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The optimum values of bias voltage lie in the rangepofo -150 V, e.g. -50 V for Ti-Al-

N [63] and Ti-B-N [61], -80 V for Ti-Al-C-N [59], -100 V fofi-Si-N [58] and Ti-Al-Si-N
[60]. This is defined by several factors. In case of teposition temperatures, very low bias
values usually do not ensure sufficient particle energydee for the formation of a stable
nanocomposite structure. On the contrary, the miarctre and stress strongly depend on
the energy delivered to the surface during coating growmiitjig the upper value of bias: for
instance, Musilet al. [56] found that increase in bias from -50 V led to a chaingm
columnar porous microstructure for the Al-Cu-N coatinggeinsion, through a very dense
fibrous one for the coating in a low compression to with many defects probably caused by
the high compressive stress at bias of -150 V. Selespwtering of a multi-component
growing coating is the next reason: the hardness ofiZ¥-Mcreased with increasing bias
accompanied by a decrease of the Ni content due to preftree-sputtering of Ni atoms
from the surface of the growing coating [1]. High biassdaet only result in compressive
stress and preferential sputtering but also leads to aasecin the deposition rate, as it was
found by Andreasen and co-workers [108] where Ti-Cu-N namposites were synthesized
by sputtering of TsuCuyo targets.

Nevertheless, relatively high bias values are not y@waecessary for successful
formation of superhard coatings. Thus, Nasel. [57] reported that the hardness of RF
sputtered Ti-Si-N coatings with low Si content incexhw/ith increasing negative bias voltage
reaching a maximum of 42 GPa in a range of -10 to -30 V, ththeyleoatings consisted of
columnar grains and could not be attributed to the nanpasite ones consisting of nc-TiN
embedded in a-§\,. Prochazkeaet al. [5] did not apply the bias for deposition of superhard
nc-TiN/a-SiN,4 coatings in pure Natmosphere. Instead, the high substrate temperature of
630°C provided energy for formation of the proper structure.

A fundamental problem in the formation of superhard cgatia the stress generated in

the coating during growth, which is controlled by the deédeenergy. The problem is an
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issue mainly for PVD sputtered coatings where the ireduarticle activity is due to bias
application. In Ref. [56], it was found that with incse®y bias the macrostress continuously
changed from tension to compression and at bias of -88CUAN coatings with zero stress
were formed exhibiting a quite high hardness of ~40 GPa. fieismial stability that suffers
from hardening by the bombardment with energetic parficéssilting in a drastic decrease in
hardness values upon annealing. This issue was discussedtsk &eal. [4, 19, 24, 89].
Possible ways to reduce the stress, thus in some emhe&sng hardness too, include a proper
selection of both technique and working parameters, sudor®cal arrangement of the
target and substrate and their relative rotation and haggosition temperature, respectively.
In paper [94] where deposition of Ti-Si-N, Ti-Al-Si-N,-Al-V-Si-N, and Zr-Si-N coatings
by vacuum arc was reported high compressive stress inotditéngs appeared to decrease
upon addition of Si.

It is generally accepted that higher residual stressesasgociated with higher defect
densities induced during ion bombardment. Therefore, wlamayhelements are incorporated
into the coating, a systematically lower residual sstris observed [109]. This is because
higher activation energies are required for surfadesidn of less mobile heavier atoms than
for more mobile lighter atoms, and at the same bidtag®e less energy is available for defect
formation in case of heavy atoms as a larger parteokttergy is spent for moving atoms to

their equilibrium position.

3.5. Substrate temperature

Similar to applied bias voltage, temperature provides theygmereded to make species
on the surface mobile and therefore can to some estéstitute the bias (e.g., Ref. [5, 58]).
Temperature affects the deposition rate (actually,ithe of particle presence on the surface,
which decreases with temperature increase), purity offdhming coating, as well as its

chemical composition. An important role in the structofethe growing coating is also
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attributed to the substrate temperature as high temperatsels in denser structures. All
together, these parameters and processes influence ¢hanm@al properties of a coating, e.g.
hardness.

The importance of high temperatures to complete thegation was discussed in review
by Vepreket al. [13], supported by rough estimations of the diffusion coiefit for the
forming species. It was stated that the low substretgpératures of 200-300°C are not
sufficient as the diffusion coefficient is of ordes§ magnitude below the required value.
Generally it is true, however, the lower the substraeperature, the higher is the
compressive stress generated during deposition by PVD, arsirdss increases the diffusion
coefficient. Furthermore, the factor which also incesadiffusivity at low temperatures is a
very high concentration of impinging energetic atoms iand, so the diffusion coefficient
starts to strongly depend on the local concentratickingdhe particles more mobile. Finally,
as mentioned in Section 3.2 (Ref. [101]), a proper rotatiothe substrate could provide
sufficient time for particles to diffuse to their adtageous positions.

Typical values of the substrate temperature lie inrdiege of 200-400°C for PVD
techniques, e.g. 150°C [60], 250°C [106], 300°C [1, 61, 64, 88, 91, 935¥LC [63, 97],
400°C [59], rarely exceeding the value of 500°C with low obias application (e.g., Ref. [4,
95]), and 500-600°C for PACVD [4, 15, 16, 38-40, 42, 43]. The lattetisnly because of
“extra” energy required for PACVD to provide high surfacehitity, but also because of
purity issues, namely to make detrimental impurities ueland force them to leave the
surface. The higher temperatures would benefit from higiudility of forming species but,
on the other hand, reduce the deposition rate and caasg giegassing from the surrounding
walls which would lead to poisoning of a growing coatingr. €&xample, in work of Leet al.
[38] where temperatures in the range of 400 to 900°C weréedpiplr PACVD Ti-Si-N
coatings, the maximum deposition rate was observed aC60@file the hardness exhibited

maximum at 500°C. Ribeiret al. [58] found that superhardness of sputtered Ti-Si-N cositing
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could be achieved either by application of high temperatafeasbout 500°C or at low
temperatures of 350°C in combination with the increaseryetie ion flux (owing to extra

rectangular coils) arriving to the substrate.

4. Conclusion

In addition to the common regularities of the impattptasma parameters on the
properties of growing coatings, there are some spde#itires responsible for the formation
of essentially superhard nanocomposite materials. hois always possible to precisely
distinguish which parameter has stronger influence, haes garameters often affect in
combination rather than separately and their influeacedrastically depend on the values of
other parameters. Moreover, one parameter can be stdx$titvith another one while
revealing the same influence on the coating charattsrifor example, bias and temperature,
and this fact gives new opportunities for the production of supkrt@atings as it allows

variation of the other characteristics whilst mainirag) the same hardness value.
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