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Depth-resolved residual strain in MoN/Mo nanocrystalline films
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The authors have applied cross-sectional x-ray microdiffraction to measure depth-resolved in-plane
residual strain in nanocrystalline MoN/Mo bilayer films deposited on Si. Compressive strains with
large gradients were found in the as-deposited films. After thermal annealing, the strain profiles and
diffraction peak widths of the MoN and Mo layers were altered. These findings provide insights on
the relationship between defects introduced during film processing and the effect of annealing on the
structure and properties of magnetron-sputtered nanocrystalline films. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2364131]

Thin films and coatings are widely used to reduce fric-
tion and to protect bulk materials from abrasion, corrosion,
oxidation, and thermal shock. They have many applications
in cutting tools, medical implants, microelectromechanical
devices, tribological components, etc. The coating perfor-
mance is related to the adhesion between layer and substrate,
which is strongly affected by residual stresses. Accordingly,
understanding residual stresses and their spatial distribution
in thin films is important for the development of reliable
coatings with tailored properties.

Most stress analyses of thin films are based on the tradi-
tional d—sin? ¢ x-ray diffraction method or optical substrate
curvature methods,” in which average stresses are measured
over the x-ray or optical photon interaction volume.** Very
few techniques can measure stress/strain gradients as a func-
tion of depth inside thin films and coatings. One such depth-
resolved technique is based on the d—sin? ¢ method, in
which the x-ray penetration depth into thin films is varied.>®
In the present study, we used cross-sectional x-ray micro-
diffraction to measure depth-resolved strain profiles in nano-
crystalline MoN/Mo films with submicron resolution. By
collecting x-ray diffraction patterns from different depths of
the film, we obtained profiles of in-plane residual strain and
diffraction peak width as a function of film depth. Compared
to the other depth-resolved methods for studying thin
films, this method is simpler and faster and provides more
information.

MoN/Mo bilayer films were prepared by physical vapor
deposition (PVD) using magnetron sputtering. A 99.5% pure
molybdenum plate was used as the sputtering target. The
substrate was a p-type single-crystal silicon wafer (100)
(cleaved into 3X3X0.1 cm® pieces) with a native oxide
layer. The substrates were rotated and heated during deposi-
tion with an estimated temperature between 250 and 300 °C.
A Mo bond layer was first deposited on the Si substrate,
followed by deposition of a MoN layer. After deposition,
some of the films were annealed at 500 °C in vacuum for
1 h. The as-deposited and annealed films were fractured
along Si {110} planes to create smooth cross sections. Figure
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1 is a scanning electron microscopy (SEM) micrograph of
the cross section of an as-deposited MoN/Mo film. The Mo
and MoN layers show a dense columnar structure.

X-ray microdiffraction was performed on beamline 34-
ID-E at the Advanced Photon Source (Argonne National
Laboratory).7 The x-ray beam was focused by Kirkpatrick-
Baez mirrors down to 0.4(horizontal) X 0.6(vertical) um?.
The angle between the x-ray beam and the sample cross-
section plane was 45°. A high-resolution charged coupled
device x-ray detector was placed 30 mm above the sample to
collect x-ray diffraction (XRD) patterns from the x-ray mi-
crobeam with an energy of 8.9 keV (1.393 08 A). Before the
XRD patterns were taken, the sample was aligned by an
x-ray fluorescence method so that the film surface (i.e., the
yz plane in Fig. 1) was parallel to the x-ray beam. The posi-
tion of the x-ray beam was scanned along the film normal (x
in Fig. 1) direction with a step size of 0.25 um. Figures 2(a)
and 2(b) show typical polycrystalline XRD patterns from the
MoN and the Mo layers, respectively. The MoN film is a
hexagonal phase with fiber texture such that the ¢ axis is
parallel to the film surface. The Mo film is a cubic phase
with (110) fiber texture. Some of the films were scraped off
the Si substrate using a diamond scriber and ground into a
powder for determination of the strain-free lattice parameter.
For the as-deposited and annealed hexagonal MoN, the mea-
sured strain-free lattice parameters are a=5.763 A and ¢
=5.6242 A and a=5.7268 A and ¢=5.6204 A, respectively.
For the as-deposited and annealed cubic Mo, the parameters

FIG. 1. Cross-sectional scanning electron micrograph of a MoN/Mo bilayer
film deposited on a Si substrate.
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FIG. 2. (Color) Two-dimensional x-ray diffraction pat-
terns of the MoN layer (a) and the Mo layer (b); (c) and
(d) are integrated 1D patterns from (a) and (b),
respectively.
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are a=3.1516 A and a=3.1549 A, respectively. Figures 2(c)
and 2(d) are the one-dimensional (1D) patterns of MoN and
Mo derived from the two-dimensional patterns shown in
Figs. 2(a) and 2(b), respectively. The (420) peak of MoN and
(310) peak of Mo were selected for data analysis to have
scattering vectors close to the normal of the cross-sectional
plane (i.e., y in Fig. 1). Assuming isotropy in the plane of the
film, this approach measures the in-plane lattice parameters,
from which the in-plane strain can be determined. The XRD
peaks were fitted by using an asymmetric pseudo-Voigt func-
tion, and the strain and the full width at half maximum
(FWHM) of the diffraction peaks were derived as a function
of depth from the film surface. Using the Scherrer formula,®
the average grain sizes for the MoN and Mo layers were
found to be 5 and 20 nm, respectively. The cross-sectional
point-by-point scanning was repeated at different x positions
along the sample to determine the variation of measured
strain along the x direction.

Figure 3(a) shows depth-resolved in-plane strain (e,)
profiles for the as-deposited and annealed MoN/Mo films.
The thicknesses of the MoN and Mo layers were 2.7 and
0.8 um, respectively. For the as-deposited film, the MoN
layer was under in-plane compression, and the magnitude of
the in-plane strain (sy) increased almost linearly with the
depth. The maximum strain reached 0.005 at the MoN/Mo
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FIG. 3. (Color online) Depth-resolved residual strain (a) and FWHM (b) for
as-deposited and annealed MoN/Mo bilayer films.
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interface. The Mo layer was found to be under in-plane com-
pression also, but the strain magnitude decreased with in-
creasing depth. The maximum strain of 0.003 in the Mo layer
appeared at the MoN/Mo interface.

After annealing, the strain in the Mo film changed little
and was still under in-plane compression. However, for the
MoN layer, the overall strain magnitude decreased dramati-
cally. The strain had its maximum of 0.0012 at the MoN
surface and decreased linearly to essentially zero at the
MoN/Mo interface. Figure 3(b) is a plot of the FWHM as a
function of depth for both as-deposited and annealed films.
For the as-deposited film, the FWHM of the MoN layer var-
ied little with depth, while the diffraction width of the Mo
layer increased with increasing depth. The FHWM of the
MoN layer decreased slightly with annealing, but it was still
relatively constant as a function of depth. For the Mo layer,
the FWHM increased near the MoN/Mo interface, but there
was almost no change near the Mo/Si interface.

Residual strains in PVD coatings are very complex be-
cause they include both intrinsic and extrinsic strains.” The
intrinsic strains are related to the microstructure of thin films,
which varies with material as well as with film deposition
conditions. Extrinsic effects here refer to thermal strain
caused by the thermal expansion coefficient mismatch be-
tween film and substrate. The differential thermal strain in
the Mo and MoN layers of as-deposited and annealed films
was estimated to be less than 1073; this value is much smaller
than the residual strains observed in the films and will be
neglected in further discussion.

In PVD films, the intrinsic residual strain is strongly
affected by deposition conditions and is very difficult to
model. Nonetheless, it is believed that compressive strains in
thin films that have been subjected to ion or atom bombard-
ment are caused by atomic peening,10 which is enhanced by
low sputtering gas pressure and high substrate bias during
deposition.9 The strain profile observed in the Mo layer is
similar to the near-surface strain profiles in shot-peened bulk

metals,” i.e., both have hi%h compressive strain near the
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surface, and the magnitude of strain decreases as the depth
increases. Since strain profiles in PVD films may be compli-
cated by defects, voids, trapped gas ions, impurities, and
dislocations introduced during film deposition,9 there should
be differences between these two peening processes. How-
ever, the similarity in strain profiles suggests that the bom-
bardment of the film by atoms/ions during its growth may be
partially responsible for the observed strain profile in the Mo
layer. The case of the MoN layer is more complicated since
N, was introduced during the film growth to form the metal
nitride. The maximum residual strain in the MoN layer is at
the MoN/Mo interface, decreasing sharply as the film sur-
face is approached. It is possible that the decrease is the
result of a relaxation process during growth. As shown in
Fig. 1, the Mo layer has a dense columnar structure, and the
MoN columns are also dense near the MoN/Mo interface.
However, as the MoN layer grows, the columns start to re-
group into large clusters, and voids start to appear between
the clusters. Therefore, some strain relaxation may occur as
the MoN columns attempt to fill the voids.

In the MoN layer of the as-deposited film, the FWHM of
the diffraction peak is independent of the film depth [Fig.
3(b)]. This relationship implies that strain in the MoN layer
is uniform at different depths since uniform strain does not
change the peak width.® For the Mo layer, the FWHM of the
diffraction peak is larger at the Mo/Si interface than at the
MoN/Mo interface. This difference implies that the Mo
grain size is smaller and/or the grains are more defective near
the Si interface than near the MoN/Mo interface. After an-
nealing, the FWHM of the MoN layer was observed to de-
crease, accompanied by a significant relief of the residual
strain [Fig. 3(a)]. In comparison, an increase in the FWHM
of the Mo layer accompanied a slight relief of the strain.
Note that the melting temperatures of MoN and Mo are 1750
and 2623 °C, respe:ctively.12 These temperatures indicate
that the annealing temperature (500 °C) is probably not high
enough to initiate recrystallization or grain growth. There-
fore, the decrease in the FWHM of the MoN layer could be
caused by the reduction of defects, which may include crys-
tallite defects, trapped gas ions and molecules, and voids.
For the Mo layer, the increase in the FWHM after annealing
probably means an increase in the defect concentration near
the MoN/Mo interface. From these analyses, we conclude
that annealing relieves strain and alters defect concentrations
in the MoN and Mo layers.

Since the microstructure of films is sensitive to defects
in general, annealing-induced changes in defect concentra-
tion might be expected to change the microstructure. This
hypothesis was confirmed by examining the SEM micro-
graphs of the MoN film before and after annealing. In the
as-deposited film [Fig. 4(a)], there are large clusters with
diameters of a few hundred nanometers, and the boundary
around these clusters can be clearly seen. Each cluster con-
sists of many very small columns (Fig. 1). After annealing
[Fig. 4(b)], the microstructure changed significantly: the
boundary between clusters was no longer well defined, and
the grains in the clusters could be seen clearly. Therefore,
annealing significantly changed the microstructure of the
MoN layer, as is consistent with the observed large relief of
strain in the annealed MoN layer.

In conclusion, we have applied cross-sectional x-ray mi-
crodiffraction to study depth-resolved residual strain in
magnetron-sputtered MoN/Mo bilayer films. The MoN and
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FIG. 4. Scanning electron micrographs of the surface of the MoN layer
before (a) and after (b) annealing at 500 °C for 1 h.

Mo layers in the as-deposited film were found to be under
in-plane compression, with large strain gradients as a func-
tion of depth. The observed strain profiles were explained in
terms of atomic peening and void-induced strain relaxation.
Annealing of the film causes significant strain relief and de-
fect reduction in the MoN layer. In contrast, residual strain in
the Mo layer is only slightly relieved, and the defect concen-
tration increases after annealing. This study provides insights
into the annealing effect on the depth-dependent structure
and property of magnetron-sputtered nanocrystalline
MoN/Mo films.
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