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Résumé 

La vitesse de pompage et l'emplacement des arrivées de gaz sont deux para
mètres qui jouent un rôle très important dans l'élaboration des nitrures de 
titane et de zirconium en couches minces par pulvérisation cathodique 
magnetron réactive. En général, on observe que lorsque la pression partielle 
d'azote augmente progressivement dans le plasma, la pression totale dans 
l'enceinte croî*" brutalement. Ce phénomène gênant, réversible avec hysté
résis, qui correspond à une formation rapide de nitrure à la surface de la 
cible doit être atténué afin de faciiter la conduite de l'opération de 
dépôt. 
Dans cette zone de transition, il est possible d'obtenir une variation plus 
progressive de la pression totale en plaçant l'arrivée d'azote à proximité du 
système de pompage et/ou en augmentant la vitesse de pomoage. 
De cette façon, la nitruration superficielle de la cible sera un phénomène 
réversible sans hystérésis et la composition du film de nitrure variera très 
lentement avec la pression partielle d'azote. 

1. Introduction 

Despite the many studies undertaken in different laboratories (1-4), there 
are at present no models enabling the determination of the conditions 
required for the obtention of TiNx coatings by reactive magnetron sputtering. 
The phenomena involved in the discharge are indeed extremely complex, and the 
number of parameters to be accounted for, considerable. The only information 
which is easily available during the deposition phase is linked, on the one 
hand, to the vapour flow (which depends on the power applied to the cathode) 
and, on the other hand, to the gas flow (related to the pressure and flow 
rate). A study of the evolution of the parameters which are often inter
dependent was undertaken in order to improve the process's stability and 
reproducibility. 

2. Magnetron sputtering 

- With non-reactive sputtering, the vapour flow emitted by the target is 
proportional to the power applieo to the cathode. The energy and distribution 
of the particles condensing on the self-bias substrate depend mainly on the 
argon atom's mean free path and, consequently, on the pressure during the 
deposition. Reproducibility problems arise from the irregular erosion of the 
target, which gradually becomes V-shaped at the plasma ring location. This 
leads both to plasma confinement modification, and to a change in the 
particles' ejection angle in relation to the target's initial surface. Vapour 
flow distribution and coating morphology thus evolve progressively as the 
target is eroded. 
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- With reactive sputtering, the phenomena are difficult to understand, since 
the active gas may well intervene according to three different processes: 
- formation of a compound at the target surface, which modifies the sput
tering yield and the secondary electron emission rate. 

- new species appear in the plasma (N +, N and N in the case of nitrogen) 
and the total pressure increases. 

- reactive condensation rate on the substrate depending on its temperature 
and on the substrate bias voltage. 

As to interpret the reactive sputtering by cinetic or mass balance approach, 
the vapour flux and gas flow must be known. 
The vapour flux emitted by the bombarded target depends mainly on the power 
applied and on the sputtering yield. Vapour propagation is then relative to 
the gas pressure. 
The gas flow depends on: 
- the installation's pumping speed. 
- the neutral and active gases' flow rates. 
- the respective positions of the gas inlets in relation to each other and to 
the pumping system. 

3. Experimental apparatus 

Deposits were carried out in a 
vacuum chamber (fig.l) equipped with 
a turbomolecular pump (2000 l.s ) 
enabling 10 " Pa residual pressure 
to be obtained. The 200 x 100 x 7 mm 
titanium target was mounted on a 
permanent magnet planar magnetron 
sputtering source. Gas purity 
(Ar,N ) was at least 99.995%; gas 
flows were regulated with the aid of 
massic flow-meters. The chamber 
pressure was measured with a 
membrane gauge (MKS) and a hot 
cathode ionisation gauge. 

Fig. 1: Schematic diagram of the sputtering apparatus. 

4. Results 

4.1. Pumping speed influence 

Fig.2 shows the nitrogen pressure evolution as a function of the nitrogen 
flow race for two different pumping speeds. The curve obtained at a low 
pumping speed is characteristic of the pressure-flow rate curves relative to 
the Ti-N system (1). The pressure, noticeably constant at nitrogen flows 
rates below 15 cm3 mn - 1, then rises suddenly (AP = 0.12 Pa). After this 
transition, which may correspond to total target nitridation (1), the 
pressure increases linearly with the nitrogen flow rate. The shape of the 

* Hi 

Gauges Mtchmical pump 

N2 Pumping iy$t«m 



3/ 

curves obtained when the nitrogen flow rate decreases, highlights 
considerable hysteresis which is generally attributed to the target 
denitridation phenomenon. In these conditions, it is extremely difficult to 
obtain coatings of a TiNx (0.5 < x < 1) reproducible composition. 

10 15 20 25 
Reactive gas flow N! (cm5 mn" 1 ) 

Fig. 2 : Reactive gas pressure vs. 
reactive gas flow rate at two dif
ferent pumping speed values. 
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Fig. 3 : N/Ti variations as a function 
of reactive gas flow rate at a high 
pumping speed. 

At a higher pumping speec', however (with valve VI open) the transition begins 
for the same value of the nitrogen flow rate, but the pressure variation is 
more progressive and the hysteresis disappears. The elaboration of the TiNx 
coatings with well defined and reproducible x content (determined by electron 
microprobe analysis in comparison to standard samples) is far easier as is 
evident on fig.3. 

4.2. Active gas inlet position influence 

Previous studies ) ave shown that the Ti -> TiN transition occurs more 
progressively when the active gas pumping speed is higher. Following this 
interesting result, the active gas inlet was moved, first to the 
pumping-shaft, then to the turbomolecular pump entrance. Part of the nitrogen 
thus passed directly into the pump, whereas the other part diffused 
"upstream" towards the chamber. The nitrogen concentration thus decreased 
progressively from the pump towards the target. This led to a considerable 
drop in the pressure nitrogen - flow rate curve slope (fig.4) when no power 
was applied to the cathode. 
The same tendency was observed in the Ti -*• TiN transition zone. At the same 
time, the hysteresis phenomena gradually disappeared when the nitrogen inlet 
was moved towards the pump. 
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Fig. 4 : N inlet locations influence. 

4.3. Influence of powci applied to target 
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Fig.5 and 6 show respec
tively the evolution of 
the voltage target-
flow rate and the pres
sure-flow rate curves 
with the power applied 
to the cathode. The flow 
rate corresponding to 
the Ti •*• TiN transition 
varies linearly with the 
power applied to the 
cathode, i.e., with the 
vapour flux. However, 
the voltage variation 
observed during the 
transition does not 
depend on the power 
applied. 

50 100 150 200 
Reactive gas flow Na (cm'mrf1) 

Fig. 5 : Cathode voltage vs. flow rate at various 
powers Qj __ : voltage at zero N flow rate). 
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50 100 150 200 
Reactive gas flow Ni icm» mrT1) 

Fig. 6 : Reactive gas pressure vs. N flow rate at various powers. 

4.4. Argon pressure influence 

When the argon pressure 
increases, the nitrogen 
pressure gradients 
between the pump and 
the target become 
higher and higher. As 
''s shown on fig.7 with 
increasing the argon 
pressure there is a 
rapid increase in the 
nitrogen flow rate cor
responding to the 
Ti -* TiN transition, 
and the nitrogen con
sumption is lowered. 

Reactive g«*(low H-izm'.mn'1) 

Fig. 7 : N gas pressure vs, N flow rate at 
various pressures. 
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4.5. Erosion influence on the target 

In order to measure the bombarded surface profile influence, another série of 
tests was carried out with an eroded target (fig.8). Fig.9 and 10 show that 
Ti -*• TiN transitions are generally more progressive with an eroded target and 
occur at lower flow rates than with a non eroded target. These observations 
may be due to the different plasma confinement and to redeposition in the 
erosion zone. On an eroded target, the yellow colour of TiN appears first of 
all on the circumference of the highly bombarded zone, whilst the centre 
still resembles titanium. 

3.5mmf 7mm • / ' • • . ' • . • - • •'•'• ' ••/•//-••/. 

eroded target non eroded target 

F i g . 8 : Targe t p r o f i l e e ros ion i n f l u e n c e . 
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Fig. 9 : Reactive gas pressure vs. 
reactive gas flow rate with eroded 
and non eroded targets. 

Fig. 10 : Voltage vs. reactive gas 
flow with eroded and non eroded tar 
gets (U 
rate) dN2=o' voltage at zero N flow 

5. Discussion 

Fig. 11 shows the typical shape of N pressure - N flow rate curves. As to 
describe the shape, we have defined parameters whose dependences on 
elaboration conditions arc indicated in table I. 

On a pratical level, TiNx coating preparation conditions will be all the more 
stable and reproducible as: 
- the applied power is high. 
- Y value is low, therefore high pumping speed, and nitrogen inlet as close 
as possible to the pumping system. 
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Pulping 
speed V inlet 

Power Target 
erosion 

a ye» no yes no no 

B no yes yes yes no 

Y yes no yes no yes 

OA no yes yes yes yes 

AP yes yes yes yes no 

BB- yes yes yes yes no 

AdNz 
Rtjct .e gas flow 

Fig. 11 : Shape of N pressure - Table I : Dependence of the parameters 
N flow rate curves. (fig.11) with elaboration conditions. 

6. Conclusion 

As these results show, an overall approach, taking in account only the gas 
and vapourflows, can lead to a notable stability and reproducibility increase 
in the phenomena observed during reactive sputtering. A fuller study would 
require both better discharge characterization (by optical emission 
spectrometry and by mass spectrometry), and systematic correlation between 
the process's parameters and the properties of the films thus obtained. 

Acknowledgments 

The authors wish to thank J. BRUN and J.P. CHABERT for experimental support. 

References 

1. S. SCHILLER, U. HEISIG, G. BEISTER, K. STEINFELDER, J. STRUMPFEL, CHR. 
KORNDORFER and W. SIEBER. Thin Solid Films, 118 (1984) 255. 

2. K. ENJOUJI, K. MURATA and S. NISHIKAWA. Thin Solid Films, 108 (1983) 1-7. 
3. J.M. POITEVIN and G. LEMPERIERE. Thin Solid Films 120 (1984) 223. 
4. H.O. BLOM, S. BERG and T. LARSON. Thin Solid Films 130 (1985) 307. 


