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Abstract: It is well known that in thin metallic films, the anelastic and the elastic properties show some
characteristic features linked to the specific microstructure. The studied films Cus;oMo,, With a typical thickness of
200nm are deposited by Ion Beam Sputtering (IBS) on oxidised silicon (100) substrates. The measurements are
performed on a vibrating reed device adapted for thin adherent films over a temperature range between 20°C and
450°C. .

This paper reports the combined results of internal friction, elastic modulus and internal stresses measured during
thermal cycling, "Direct” observations of the microstructure are performed by X-Ray diffraction. We have
correlated the modifications of the mechanical properties with the structural evolution of these metastable systems.

INTRODUCTION

The new deposition techniques, developed in the last decade, allow to obtain classes of materials, which
could not be produced by classical elaboration. Then, a sursatured "solid solution" of Cu-Mo could be
realised by Ion Beam Sputtering (IBS), though the positive heat of mixing (AH). Recently, it was reported
that this binary system, for a Cu content of 30 at %, presents a very important resistance to the abrasion
and permits a good adhesion between Mo and CulnSe; in the solar cells applications [1]. Studies about the
thermal stability of this "alloy" have shown distinct features of microstructural changes [2]. First, a stress
relaxation occurs in the film in a temperature range between 20°C - 300°C, then, an anisotropic growth of
the nanocrystallites appears between 300°C and 500°C. At least, for annealing up to 500°C, the metastable
solid solution collapses and Cu precipitates at the Mo grain boundaries.

Our purpose is to combine the results obtained by the X ray diffraction (XRD) analysis and the
measurements of internal friction on such deposits. Indeed, internal friction is very sensitive to small
changes in the mechanical and microstructural states of a material and thus important information could be
obtained about the effect of the thermal treatments before the whole crystallisation. We will also follow up
the elasticity properties and the resistivity of the film during annealing.

EXPERIMENTAL DETAILS

Mo-Cu thin films were produced using an Ion Beam Sputtering (IBS) system with a split-target
arrangement [2]. The films were deposited onto oxidised Si (100), quartz and specially shaped reeds of the
same materials for the elastic and the anelastic measurements. The deposition rate was about 0.2nm/s and
the thickness of the films was 200nm +5nm. The vacuum before depositing films was under 107 Torr. The
measurements of the Cu concentration in the films was achieved by Energy Dispersive Spectrometry
(EDS) and was found to be around 30% +2% for specimens reported in this paper. The in situ
measurements of the reed deflexion allow us to follow the internal stresses in the film during annealing
using the "curvature" method [3].
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Internal friction and elasticity measurements were performed using a vibrating reed device, specially
adapted to the study of thin metallic films. The experimental set up has been described elsewhere [4]. The
damping was determined from the free decays of the reed vibration. The samples were characterised by X
ray diffraction (XRD) using a copper Ka, radiation produced by a Rigaku generator. The diffractometer
was enclosed under a vacuum of 107 Torr in order to minimize the background level. The position of the
diffraction peaks was determined in a 0/26 geometry. Silicon powder pasted on a Si (100) substrate was
used as standard. The electrical resistivity of the films was determined by a classical four-point probe
method. For the X-ray diffraction and the resistivity analysis, the film were annealed in a chamber under
10° Torr at different temperatures (200°C, 300°C, 400°C, 500°C and 700°C) for a period of 60 minutes.

RESULTS AND DISCUSSION

X-ray diffraction analysis (figure 1) shows that the microstructure of the as deposited films consists on a
metastable solid solution of Cu in Mo. This result has been confirmed by EXAF's measurements on the
same samples. This microstructure is very far away from the thermodynamically equilibrium and doesn’t
seem to change before an annealing of 300°C. Until this temperature, nevertheless, we could see the shift
of the X-ray diffraction peak to the high values of 20 angles, which reflects the generation of tensile
stresses in the film or/and the diminution of the unit cell volume. Between 300°C and 400°C, the intensity
of the Mo (110) peak increases. Appearance of the very weak (111) Cu peak, leads to the assumption that
the phase separation phenomenon occurs. For annealing temperature up to 400°C, the intensity of the
(111) Cu and (110) Mo peaks increases, which accounts for the growth of the crystallites. From these
results, we may conclude that the demixion processes begins only for an annealing temperature higher than
300°C.
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figure 1: X-Ray diffraction measurements on Cu30
Mo70 samples, after different annealings (6/26 geometry). figure 2: In situ measurements of stress on Cu30 Mo70
The peaks marked * could not be indexed unambiguously specimen during thermal cycling.

and have been observed before by Ramanath [2].

The in situ measurement of stresses (figure 2) reveals that the as deposited films are in a compression state
(-0.5GPa). This state of stress is usually characteristic of the disordered sputtered microstructures, more
exactly in our case, it could reveals the presence of interstitial atoms in the unit cell or substitutional atoms
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with an important atomic volume (> vol. at. of Mo) [5]. On heating above 90°C, the compressive stresses,
generated by the differential thermal expantion between the metallic film and the Si substrate, become large
enough to cause plastic flow in the film. Then, the stress curve tends to flatten. This phenomenon appears
on each subsequent heating with an elastic zone covering wider temperature range. One may notice that
the major evolution of stress magnitude occurs for annealing temperature range between 120°C and
220°C. During different thermal cyclings, tensile stresses are generated in the film and reach a value of
0.75 GPa after a 430°C annealing. This result could be explained by a structural relaxation as observed in
the metallic glasses before the crystallisation [6]. Indeed, this phenomenon involves a short range order,
then a decrease of the film volume. For annealing up to 430°C, the stress state in the film doesn’t vary
significantly. From the slope of the curves (in the elastic deformation regions) and by applying the method
explain by Thouless [7], we may determined the biaxial modulus (E/(1-v)) (for T<100°C). The value of
modulus thus determined was respectively estimated as 340GPa for the as deposited films and 410GPa
after a 500°C annealing. This corresponds to a 20% increases upon demixion. In spite of an experimental
uncertainty of a few percents, the hardening with annealings may originate in a combination of several
factors: very poor crystallisation of the as deposited film, elimination of numerous defects in the Mo unit
cell with annealings... .The « theorical » value, determined by weighting the biaxial modulus of respective
pure elements by their % volume in the film was about 380GPa. The difference between the value of
500°C annealing film and the "theorical" one is not yet clearly explained but could be the result of the
approximation in the calculation.

In figure 3, we have reported the normalized flexural modulus (determined by the resonant frequency of
the reed: silicon and film) versus annealing temperatures. According to the fact that the silicon modulus is
not supposed to be changed by the thermal treatments, we have ascribed the modulus variations to the film
only. Then, in the 20-320°C temperature range, the M/Mo variation correspond to a 10% increase of the
film flexural modulus [3]. A further increase of 14% is observed after a 550°C anmealing. This two
different stages in the modulus modification may be related with those observed in the metallic glasses.
Indeed, in this case, before the crystallisation, which can product until a 30% increasing of the modulus
[8], a structural relaxation (chemical local relaxation), characterised by a 10% increasing on the modulus,
takes place with an important stress relaxation. This phenomenon corresponds to the evolution of an
amorphous state to an other one (more stable).
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figure 3: Normalised resistivity (8) and flexural modulus
(a) measured at room temperature (25°C) after different

annealings

figure 4: Internal friction v.s, temperature curves for a
Cu30 Mo70 specimen : (0) as deposited, (1) after the first
400°C annealing, (2) after the second 400°C annealing
and (3) after the third one.
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Figure 3 also shows the resistivity evolution normalised to that at 20°C versus annealing temperature. The
curves were obtained for the Cu30-Mo70 films deposited on quartz. For an annealing temperature lower
than 200°C, the resistivity doesn’t seems to evolve. Between 200°C and 300°C a small decrease of the
resistivity may be caused by an atoms transfer within an atomic arrangement across distances of one lattice
spacing (short range order). For annealings up to 300°C, the resistivity is diminushed by a factor of five.
This bebaviour is a typical reflection of a ordering phenomenon [8]. This last result is in perfect agreement
with the demixion phenomenon.

Internal friction has also been measured after thermal annealing. Figure 4 depicted the evolution of
damping determined on heating only after different treatments : (0) as prepared state, (1) first anneal at
400°C, (2) second anneal at 400°C, (3) third anneal at 400°C. It is clear that Q"' decreases with the number
of annealings. This effect could be attributed to the structural ordering. In addition, for each
measurements, the damping increases exponentially from a critical temperature (noted Tc on the figure
which is shifted to the high temperatures. Such a behaviour is typical of a structural relaxation. This
phenomenon occurs considerably below the demixion temperature and shows that microstructural change
takes place at relatively low temperature.

CONCLUSION

The presence of a structural relaxation, usually observed before the crystallisation in metallic glasses, has
been shown for the Cuss Mo thin films deposited by sputtering. This structural relaxation is characterised
by a decrease of the resistivity, a 10% modulus increasing and an exponentially increase of the damping. In
our case, the structural relaxation takes place in a temperature range between 200°C and 300°C and
involves a short range order. The demixion phenomenon observed by the X-Ray diffraction analysis occurs
between 300°C and 400°C. This structural evolution has a greater magnitude: a additional 14% increase on
modulus, drastic falling of the resistivity (the initial value is divised by 5) and involves an atomic
arrangement across a long distance.
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