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The aim of the present work is to understand the stress build-up during energetic PVD film growth and the stress relaxation 
during subsequent ion irradiation at low dose (typically in the range 0.1-1.0 displacement per atom). Monolithic Mo thin films and 
Mo/Ni multilayers were grown using Dual Ion Beam Sputtering and Magnetron Sputtering at room temperature. Due to the high 
energy of incoming species (sputtered atoms, backscattered Ar), growth defects of interstitial-type are created during growth. 
The defect density can reach up to 1.4 % (far from equilibrium) in these Mo refractory layers. These defects act as misfitting 
particles, inducing a hydrostatic stress component and an associated in-plane compressive stress component. However, after 
Ar ion irradiation at low dose (~0.2 dpa), most of the stress is relieved, showing that the growth induced defects are highly 
unstable. For Ni layers, the compressive stress is much lower due to the higher bulk atom mobility in this metal, making 
annihilation of defects more effective. An intermixing occurring mainly at the Mo/Ni interfaces is revealed from a complete strain-
stress analysis using X-ray Diffraction. The magnitude of this interfacial alloying is found to increase with the energetics of the 
PVD process and is at the origin of the huge softening of the C44 elastic constant, as measured using Brillouin light scattering.

Introduction
Physical Vapour Deposition (PVD) techniques 

are commonly used to synthesize thin layers for a 
large variety of applications, ranging from protective 
coatings, optical mirrors for x-rays, metallization 
layers in microelectronics or active components for 
solar cells. The advantages of PVD techniques over 
chemical vapour deposition routes stem from the 
growth of dense layers with no requirement of a 
heated substrate, low degree of impurity 
incorporation in the films and relatively good 
film/substrate adhesion due to the energetic 
incoming particles, like sputtered atoms, ions or 
reflected neutrals. In addition to substrate 
temperature which has a direct impact on adatom 
mobility and related film microstructure, the kinetics 
of incoming particles may enhance surface or bulk 
diffusion in PVD films, resulting in film morphology 
ranging from porous fibre to columnar grain structure 
or globular 3D grains, as classified in structure zone 
models [1-3]. Conversely, when the average energy 
of incoming particles exceed the subplantation 
threshold energy (typically 30-50 eV depending on 
the material), defects can be generated in the 
growing layer, resulting in the development of stress 
that is known as ‘intrinsic’ or growth stress [4-6]. 
This stress can be either tensile or compressive 
depending on the growth conditions [6-8]. Thermal 
stress, related to the difference in thermal expansion 
coefficients between the film and the substrate, may 
also become significant in certain systems. Stress 
level in thin films can reach several GPa for the case 
of refractory metals like Mo, W or hard nitrides like 
TiN or ZrN, which may lead to film delamination, 
buckling or cracking. It is therefore of prime 
importance to understand and control stress build-up 
in thin films. 

In the present study we will report on the origin of 
intrinsic stress in films and multilayers grown by two 
PVD techniques, namely Dual Ion Beam Sputtering 
(DIBS) and Magnetron Sputtering (MS). We will 
show that thank to post-growth ion irradiation-
induced stress relaxation, stress data could be 
analysed in the framework of a triaxial stress model 

which accounts for the presence of a hydrostatic 
stress component arising from the introduction of 
growth defects. Illustrations will be given for the case 
of refractory Mo films and Mo/Ni multilayers. For this 
latter case, the determination of the ‘stress-free and 
defect-free’ lattice parameter a0 will become 
possible, which enable us to quantify the intermixing 
at the Mo/Ni and Ni/Mo interfaces. The presence of 
interfacial alloyed layers is at the origin of the strong 
elastic softening reported in this system.

Experimental details
Mo films were deposited at room temperature 

(RT) on (001) silicon substrates covered with a (~2 
nm) native oxide layer, by using DIBS and dc MS 
techniques using Ar as inert gas. The main 
differences between these techniques are i) the 
possibility to control independently the energy E0

and the flux j of the primary ion beam for the DIBS 
compared to MS where the plasma is electrically 
coupled between the Mo target and the substrate, 
and ii) the higher energetics of the DIBS process, 
with incident Ar energy of 1200 eV compared to 
~400 eV for MS. The working pressure was 0.03 Pa 
for the DIBS and in the range 0.13-0.25 Pa for MS, 
while the target to substrate distance d was 30 and 
18 cm, respectively. In these conditions, most of the 
incoming species (sputtered atoms and 
backscattered Ar) are not thermalized (since the 
mean free path is larger than d) and retain the 
energy they acquired when leaving the target. This 
energy depends on the primary ion beam energy E0

and on the target-to-sputtering gas mass ratio 
(M1/M2). The energy distributions of both sputtered 
and backscattered atoms have been determined 
from Monte Carlo simulations using the SRIM 
computer code [9].

Mo/Ni multilayers with period � ranging between 
4.8 and 27.6 nm were also grown at RT on (11-20) 
oriented single-crystal Al2O3 (sapphire) substrates
using the above mentioned techniques. In each 
case, a 4 nm-thick Mo buffer layer was epitaxially 
grown onto the sapphire substrate at 650°C prior to 
deposition of the multilayer [10,11]. Then, sequential 
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deposition of Ni and Mo layers was performed at RT. 
The Mo:Ni thickness ratio was fixed at 1:2.

Post-growth ion irradiation was performed at RT 
using Ar ions under high vacuum (10-6 Pa). The ion 
beam energy was adjusted using the SRIM code 
such that the irradiation-induced damage depth 
distribution coincides with the film thickness. For a 
150 nm thick Mo film, the optimum energy of the Ar 
ion beam was found to be 310 keV. Fluences in the 
range of 21013 to 1015 cm-2 were achieved, which 
corresponds to doses of 0.03 to 1.2 displacements 
per atom (dpa), as calculated using the SRIM code 
and assuming an average displacement threshold 
energy of 60 eV for Mo. 

X-ray Diffraction (XRD) was used to determine 
the crystallographic structure of the films. Standard 
 scans in Bragg-Brentano geometry were 
recorded on a Bruker D5005 diffractometer 
equipped with a Cu radiation. XRD strain 
measurements were performed on a four-circle 
Seifert XRD-3000 diffractometer using a 1x1 mm2

Cu X-ray source, a Ni filter to absorb the Cu K
radiation, a 1 mm diameter collimator and an exit slit 
defining a relative interplanar spacing resolution of 
10-3. We used an XRD analysis based on the 
sinmethod [12] adapted for the case of epitaxial 
layers. This method consists in the determination of 
average interplanar spacings dhkl from the peak 
position of corresponding (hkl) reflections measured 
in specific ( directions, where  is the angle 
between the normal to the sample surface and the 
normal to the (hkl) diffracting planes, and  is the in-
plane azimuthal angle. For epitaxial or strongly 
textured systems, the ideal direction method is 
implemented [13] for which the measured (hkl) 
reflections at specific ( positions correspond to 
the intensity poles of the given texture [in the 
present case, the Mo(110) and Ni(111) 
stereographic projection].

The elastic properties of the Mo/Ni multilayers 
and Mo films were measured using Brillouin light 
scattering and picosecond acoustic experiments. 
Details on the measurements may be found 
elsewhere [14].

Results and Discussion
Figure 1 shows representative XRD scans 

of Mo films and Mo/Ni multilayers grown by DIBS 
before and after ion irradiation. For the pure Mo film, 
a strong (110) texture is observed, while for Mo/Ni 
multilayers the scans exhibit the expected 
superlattice reflections due to the periodic stacking. 
For the specific =4.8 nm multilayer shown in 
fig.1b., no distinct envelopes around the Mo(110) 
and Ni(111) reflections could be observed due to the 
very small value of . The structural parameters of 
the individual layers were extracted using the 
SUPREX code developed for superlattices by 
Fullerton et al. [15]. After ion irradiation, a shift of the 
XRD scans towards higher angles is noticed, which 
is due to a stress relaxation of the in-plane 
compressive stress, as more clearly evidenced on 
the sinplots shown in fig. 2. 

In this representation (fig.2), the slope of the 
sinlines is proportional to the in-plane biaxial 

stress, a negative slope corresponding to 
compressive stress. For the pure Mo film, increasing 
the ion irradiation dose resulted in a significant
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Figure 1 :  XRD scans of a) Mo film (150 nm) and b) 
Mo/Ni multilayer with =4.8 nm grown by DIBS. Data are 
shown for the as-grown state and after ion-irradiation. For 
the multilayers, best-fit simulations using the SUPREX 
model are also shown.

reduction of the compressive stress. More 
interestingly, all the sin��lines are found to intersect 
at the same point, which corresponds to the ‘stress-
free and defect-free lattice parameter’ a0 [16, 17]. It 
can be seen that the obtained value of 3.150 Å is in 
good agreement with the Mo bulk one (3.147 Å). For 
Mo sub-layers of Mo/Ni multilayers, the large 
anisotropy of coherency stresses due to the 
Nishyama-Wasserman epitaxial growth [10] induces 
a strong splitting of the sinlines plotted for =0 
and 90° directions (fig.2b). After ion irradiation, a 
global stress relaxation is noticed but the amplitude 
of the splitting remains nearly constant. This 
behaviour was explained by a relaxation of the 
intrinsic growth stress (due to elimination of the 
growth defects) with no alteration of the coherence
stresses. Also, comparing data of fig.2a and 2b 
shows that the Mo lattice parameter is lower in Mo 
sub-layers of the the Mo/Ni multilayer than in 
monolithic Mo. This is due to the intermixing 
occurring during growth at the Mo-on-Ni interface, as 
Ni atoms are smaller than Mo ones. The strain-
stress analysis used to account for these 
experimental findings will be briefly described in the 
next paragraph.

a)

b)
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It is worth mentioning that the employed ion 
irradiation fluence was low in order to relieve the 
growth defects without inducing significant ion-
induced intermixing. However, for the lowest bilayer 
period =4.8 nm investigated, a slight ion-induced 
intermixing was observed even at 0.2 dpa. This 
contribution could be taken into account in the 
stress-strain analysis.
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Figure 2 : Evolution as a function of irradiation dose in dpa 
of the sin2 plots of a) Mo film and b) Mo sublayers of the 
Mo/Ni multilayer with =7.6 nm. For the Mo/Ni multilayer, 
data are reported for two azimuthal =0 and 90° directions.

The data were analysed using linear elasticity 
theory and assuming that the stress consists in three 
components [11,18]: 1) a hydrostatic stress hyd due 
to the presence of growth defects acting as misfitting 
particles (see Ref. 19), 2) an in-plane biaxial fixation
stress fix due to the fact that the film lateral 
dimensions are constrained by those of the 
substrate and 3) coherence stresses (in the case of 
epitaxial layers). The stress tensor in the host 
‘matrix’ (the ‘matrix’ denotes the film without the 
misfitting particles) is triaxial. For a positive size 
mismatch (like in the case of self-interstitials), hyd

>0 and the fix component is negative (in-plane 
compression). Obviously, since the layers are at 
mechanical equilibrium, the misffitting particles 
undergo a hydrostatic stress that counterbalances 
that in the matrix, and the 33 component of the 
global film is zero. A consistent fit to the whole set of 
data (as-grown and irradiated samples) enabled us 
to derive the different stress components as well as 
the a0 lattice parameter. 

The evolution of a0 in the Mo sub-layers is 
shown in figure 3 as a function of 1/ (quantity 

proportional to the interface density) for Mo/Ni 
multilayers grown by DIBS and MS. In both cases, 
the a0 value is lower than the Mo bulk lattice 
parameter and a linear decrease is observed with 
1/, attesting of an interface-mediated effect. The 
decrease of a0 is ascribed to the presence of a
Mo(Ni) interfacial alloy. The intermixing could be 
explained by the segregation of Ni atoms during 
growth, as the surface energy of Ni is lower than Mo. 
But this process is not the only contribution. The 
larger slope observed for the DIBS sample suggests
a larger intermixing effect, which can be understood 
by a greater dynamic mixing induced by the more 
energetic particles. The corresponding average Ni 
content in the Mo sub-layers was estimated using 
data obtained on metastable Mo1-xNix solid solutions 
[14, 20]. Extrapolation at ~3 nm of the values 
reported in fig. 3 show that up to 25% of Ni would be 
incorporated in average in ~1 nm-thick Mo layers. 
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Figure 3: Evolution of the ‘stress-free and defect-free’ 
lattice parameter a0 of Mo sublayers as a function of the 
inverse of the bilayer period of Mo/Ni multilayers grown by 
DIBS and MS.
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Figure 4 : Evolution of the inverse of the C44 elastic 
constant with the inverse of the bilayer period for Mo/Ni 
multilayers grown by DIBS and MS. 

This intermixing, much more pronounced in Mo 
sub-layers than in Ni ones (the results are not shown 
here due to space limitation), is at the origin of the 
huge softening of the C44 elastic constant (or 
equivalently the shear modulus) of these multilayers. 
Values of 1/C44, measured using Brillouin light 
scattering, are reported in figure 4 as a function of 
1/ In a large bilayer period range (above 2.5 nm), a 
linear variation is observed for both DIBS and MS 
multilayers, attesting of the similarity with the a0

a)
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evolution shown in fig.3, and therefore relating the 
elastic softening to the intermixing. The lowest 
elastic constants are achieved at the lowest � and 
correspond to the C44

int value derived for the 
interfacial layer (C44~C44

int below eint, where eint 

represents the thickness of the interfacial alloyed 
layer). Interestingly, lower values of eint and C44

int are 
found for the MS conditions, which could be 
explained by the presence of sharper interfaces and 
stronger chemical gradients (highly metastable solid 
solutions). Values as low as 28-30 GPa were 
obtained in Mo/Ni with the thinnest bilayer periods, 
compared to the expected value of 80 GPa, 
calculated within the effective medium theory. Note 
that the mechanical instability of a crystal is 
characterized by a zero C44 constant. Additional 
experiments performed on metastable Mo1-xNix solid 
solutions showed a correlation between the strong 
decrease of C44 and the increase of solute 
concentration [20]. However, the lowest achieved 
values of C44 were 45-48 GPa for x~0.25 and 0.75 
This means that highly unstable supersatured 
(0.5<x<0.75) solid solutions could be stablized at the 
interfaces in epitaxial Mo/Ni multilayers.

Conclusions
The evolution of the strain-stress state in Mo 
monolithic films and Mo/Ni multilayers after post-
growth ion irradiation at low dose (< 1 dpa) is 
investigated using X-ray Diffraction. The as-grown 
samples exhibit large intrinsic compressive stresses 
due to the atomic peening mechanism creating point 
defects of interstitial-type. However, these defects 
can be swiftly relieved after ion irradiation. In 
multilayers, the stress model used for analyzing the 
data enabled us to separate the different stress 
sources. The intrinsic (hydrostatic) stress is easily 
relaxed, whereas the coherence (biaxial) stresses 
due to the epitaxial relationship are not altered after 
ion irradiation. The stress-free and defect-free lattice 
parameter a0 could be deduced and an intermixing 
at the Mo-on-Ni interfaces could be evidenced. 
Highly supersaturated interfacial alloyed layers are 

stabilized and are characterized by a very low shear 
elastic modulus, which explains the elastic softening 
reported in this system.
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