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ABSTRACT 

Molybdenum coatings were produced by planar magnetron sputtering, using 

argon or neon as discharge gas. 

With argon, the hardness of the molybdenum layers was found to increase 

with the bias voltage, U , applied to the substrate, up to values of 16000 

MPa (HV 0.05) for U = -600 V. 
s 

The hardness of the layers produced using neon is also high - 15C00 MPa 

(HV 0.05) - but in this case it is independent of the bias voltage. 

The various analyses carried out show that these hard layers contain argon 

or neon, that they are highly textured and present very high residual 

stresses in compression. 

A chanelling effect of the incident energetic particles is taken into 

account to explain the occurrence of the (111) texture. 

Despite the fact that the highest hardness values are found when the 

operating conditions permit incorporation of the discharge gas, hardening 

seems to depend more on the mechanisms involved in the incorporation of the 

neutral gas than on the actual gas content. 
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1. INTRODUCTION 

Hard coatings such as chromium and molybdenum containing either carbon 
or nitrogen can be produced by planar magnetron sputtering /!/. Due to 
their high h-rdness values (.$30000 MPa, HV 0.05), these coatings generally 
have better friction-wear properties than coatings obtained by conventional 
electrolytic or chemical processes. 

The high hardness values of these chromium and molybdenum alloys can be 
attributed to the carbon or nitrogen present in supersaturated solid solu
tion and also to the very high residual compressive stresses in the alloys. 
These stresses probably contribute to Uie hardening of the layers. 

Internal stresses are one of the essential characteristics of materials 
produced by physical vapour deposition and have been investigated by 
J.A. Thornton and D.W. Hoffman /2/. These authors showed that it was pos
sible to control the level of compressive stresses by producing the layers 
under bombardment of energetic particles, ions or atoms, at a low operating 
pressure, and/or applying a bias voltage to the substrate /3/. 

The purpose of the work described in this paper is to produce hard 
coatings of molybdenum without either carbon or nitrogen and to study the 
effect of the bias voltage applied to the substrate on the hardness, the 
morphology, the structure rnd the residual stresjes of the coating. 

2. EXPERIMENTAL CONDITIONS 

2.1. Elaboration of the coatings 

The molybdenum coatings were produced by magnetron sputtering in plane 
3 

configuration in a heatable vacuum chamber (60 dm ) equipped with a diffu
sion pump. The target was in pure molybdenum (99.9 % ) , and the flowrates of 
the argon and neon (99.99 %) sputtering gases were regulated by means of 
mass flowmeters. 

The stainless steel (304 L) substrates were in intimate thermal 
contact with a substrate-holder maintained at a temperature of 20°C by 
circulating water. 

Operating conditions common to all the production processes were as 
follows : 
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- Applied power : 2 kW 
- Cathodic voltage : -450 V with Ar, -400 V with Ne 
- Operating pressure : 0.3 Pa with Ar, 0.6 Pa with Ne 
- Substrate temperature : 20°C ± 10°C 
- Distance between target and substrate : 7 cm 
- Thickness of the coatings : 10 urn 
- Rates of deposition : 0.36 um mn with Ar, 0.2 pm 

mn with Ne. 

The bias voltage (U ) of the substrates was provided by two bias 
supplies, one for 0 > U > -300 V, the other for -300 V > U > -900 V. 

2.2. Characterization of the coatings 

The thickness of the coatings was measured using a Talysurf or an 
optical microscope. Argon content was determined by X-ray fluorescence 
taking as reference a solid molybdenum specimen with argon incorporated by 
ion implantation. The neon content, in greater quantity than argon in the 
coatings, was determined using an electron microprobe. The morphologies 
were studied by means of a scanning electroa microscope (SEM) and the 
microstructures by means of a transmission electron microscope (TEM). The 
crystallographic structure was exam.ned by X-ray diffraction with a 9-20 
goniometer and a texture goniometer, using Co-Ka and Cu-Ka radiations 
respectively. 

3. RESULTS 

3.1. Molybdenum coatings produced with argon plasma : effect of the bias 
voltage applied to the substrate on the following characteristics 

3.1.1. Hapdneaa : 
Fig. 1 shows the variation in hardness when the bias voltage U varies 
from 0 to -600 V. The hardness of the molybdenum increases regularly 
from 6000 MPa up to 16000 MPa for U = -600 V. 

s 
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3.1.2. Argon content : 

Fig. 2 shows that the argon content increases once a bias voltage of 
-150 V is applied, and reaches a maximum at -450 V before decreasing. 

3.J.3. Morphology : 

When no bias voltage is applied the morphology is fibrous (zone T in 
Thornton's diagram /4/). When a bias voltage is applied to the 
substrate the structure is slightly densified while remaining fibrous. 
Beyond -50 V the morphology does not change significantly (Fig. 3). 

3.7.4. Crystalline microstructure : 

Fig. 4 illustrates the change in microstructure with increasing bias 
voltage. 
Fig. 4a : U = 0 grain size 100 to 500 nm 
Fig. 4b : U = -75 V grain size 100 to 500 nm with lattice distor-s 

tions in each grain 
Fig. 4c : U = -600 V Due to considerable distortions, the micro

graphs are too disturbed to allow a clear 
interpretation. However a tendency to micro-
crystallization can be detected. 

3.1.5. Crystallographic structure : 

- Texture 
Irrespective of the value of U , all the diagrams obtained show that 
the layers have the molybdenum bcc structure. However the texture is 
different depending on U : 
. highly oriented texture (110) : 0 V > U > -200 V 
. mixed texture (110) (211) and (111) : -200 V > U > -275 V 

s 

. highly oriented texture (111) : -275 V > U > -600 V 

- Stresses 
Very important deformations of the crystal lattice were indicated by 
shifts of the diffraction peaks. These deformations are connected 
with residual compressive stresses that a first analysis estimates 
at more than 1 GPa. 
It has not yet been possible to measure these stresses precisely 
because of the highly oriented texture effect. A specific analysis 
taking into account this effect is necessary ibl. 
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D lults currently available are ly indicative of deformations 
resulting in compressive stresses that increase when the bias 
voltage applied to the substrate is increased. 

3.2. Molybdenum coatings produced with neon plasaa : effect of the bias 
voltage 

The nature of the rare gas used as discharge gas influences the pro
perties of the coatings. Some authors have shown either the importance of 
the M /M ratio (where M. and M are respectively the atomic mass of the t g t g 
target and of the discharge gas) on the stresses level of the coatings /2/ 
or the influence of the nature of the neutrai gas on the probability of its 
incorporation in the metals /6/. The nature of tne discharge gas also 
influences the conditions of establishing a stable plasma (gas pressure, 
cathodic voltage). 

For the molybdenum coatings produced using neon as discharge gas, 
variations in the bias voltage affect the following characteristics : 

3.2.1. Hardness : 
Fig. 1 shows that the hardness value is 15000 MPa (HV 0.05) for 
U = 0 V and that this value is constant irrespective of the bias s 
voltage, at least up to -900 V. 

3.2.2. Neon content : 
Fig. 2 shows that the neon content is 7 at.% for U = 0 V and 12 at.% 
for U = -600 V. s 

3.2.3. Morphology : 
It is identical to that observed with argon, i.e. it has a fibrous 
structure that does not change when the bias voltage is varied. 

3.2.4. Crystallographic structure : 
- Texture 
It changes when the bias voltage varies but not as sharply as with 
argon : 
. mixed texture with marked (111) texture for U = 0 V 

s 
. highly oriented texture (111) when -100 V > U g > -900 V. 
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- Stresses 
Although they have not been systematically studied as yet, the 
deformations of the crystal lattice can be said to induce high 
compressive stresses in the coatings. It is not possible to say 
whether they change significantly with the bias voltage applied to 
the substrate. 

4. DISCUSSION 

The hardness of molybdenum coatings produced with argcn increases with 
the bias voltage up to values of about 16000 MPa (HV 0.05). Bombardment of 
the growing coating with Ar has a direct effect on the increase in 
hardness. This bombardment, induced by the bias voltage applied to the 
substrate, promotes the incorporation of the rare gas and generates 
residual compressive stresses in the coatings that are very high. 

The hardness of molybdenum coatings produced with neon is also high -
15000 MPa (HV 0.O5) - but it does not depend on the bias voltage applied to 
the substrate. 

It is not possible to draw any safe conclusion on whether the high hard
ness of the coatings is due to one rather than another of the following : 
compressive stresses, lattice distortions, rare gas content, texture 
effect. In fact, all these phenomena are closely linked but their inter
dependence and respective role in the increase of hardness are difficult to 
identify. For instance certain authors 111 have shown that the presence of 
rare gas helps to stabilize defects (vacancies or polyvacancies), and also 
contributes to the high hardness values of the molybdenum 181. 

The fact that the coatings produced at U = 0 V contain rare gas, shows 
that the substrate undergoes bombardment by high energy atoms during growth 
of the coating. These atoms are the result of elastic reflection of part of 
the Ne from the surface of the target after they have been neutralized 
12/. The energy E of these rare gas atoms that depends on the incident 
energy E. of the ions bombarding the target, can be calculated from the 
relation : 



(NI - M ) 2 

E « _ 5 2 1 - E. 
2 (M„ * M ) Mo g 

where M„ is the atomic -nass of Mo Mo 
M is the atomic mass of the rare gas 
E. is the incident energy of the ions on the target 

The values of E. can reach 450 eV for the Ar+ tnd 400 eV for the Ne +, l ' 
for the chosen operating conditions. Consequently, the values of E and 

Ar 
E will be 80 eV and • ~0 eV, respectively. 

The energy thresholds for the incorporation of rare gases, with a 
_3 probability of incorporation of 10 are of the order 100 eV for argon and 

70 eV for neon /6/. In the vicinity of these thresholds, a slight increase 
in the energy of the atoms or the ions increases the probability of 
incorporation considerably. This explains why at zero bias voltage, argon 
is found only as a trace element in the coatings whereas neon is present in 
high quantity (7 at.%). 

The change of texture from (110) to (111) observed for Mo layers is 
connected with an increase in the energy of the Ar bombarding the 
substrate under the effect of the bias voltage. These re-orientations of 
fi]ms deposited with ion bombardment were observed and explained by a 
chanelling effect of incident energetic particles in the crystal lattice of 
the films. Dobrev /9/ has shown that coatings of Cu, Ag, and Au obtained 
under ion bombardment have crystallographic directions that are more open 
perpendicularly to the surface of the substrate than those obtained without 
ion bombardment. The interpretation given is as follows : incident 
particles bombarding a growing film penetrate more deeply into the lattice 
of a crystallite having an orientation promoting chanelling than in that of 
a crystallite with a less favourable orientation. The energy of the 
incident particle will be dissipated in a larger volume in the case of an 
open orientation than for other orientations. The crystallites with an open 
orientation will be more stable since the energy transferred to the lattice 
will be lower and re-sputtering rericed. On the contrary, the energy 
transferred to crystallites with different orientations will be higher. The 



8. 

resulting atomic mobility will promote coalescence with the stable 
crystallites (those with open orientation) and there will be considerable 
re-sputtering. 

With Mo coatings, the direction (110) obtained for U > -200 V is 
transformed into the crystallographic direction (111), that is more open 
with respect to the chanelling effect /6/ for U < -275 V. This m-ians that 
for U > -275 V the Ar have not sufficient energy to induce this s 
chanelling effect ard permit re-orientation of the crystaliographic 
directions. 

On the contrary with Mo , there is already the (111) texture for 
U = 0 V since the Ne atoms bombarding the growing film have already 
sufficient energy to be incorporated in adequate quantity and to induce the 
chanelling effect. 

The results indicated above, obtained with two different gases, bring 
support to the hypothesis of chanelling induced by particles of energy less 
than 1 KeV /10/ but with a high probability of incorporation. 

5. CONCLUSION 

1. It is possible to increase the hardness of molybdenum coatings up to 
16000 MPa (HV 0.05) without introducing reactive elements (carbon or 
nitrogen). 

2. When argon is used as discharge gas, hardness increases with 
increasing bias voltage, whereas with neon maximum hardness does not 
vary with bias voltage. 

3. The highest hardness values are obtained when operating conditions 
permit ions or atoms of the discharge gas to be incorporated in the 
f i Jm. 

4. Hardening seems more the result of the mechanisms involved during 
incorporation of the rare gas, than the actual content in incor
porated rare gas. 
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