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ABSTRACT

While metal alloy fiims are used in many applications, there remains a rather limited series of studies of their stress evolution during growth as compared to
elemental fAtms. Here, we provide aeasurements of the sputter deposition stress evolutian of VsW1 y alloys, which is a system that forms a body cenrered cubic solid
solution across all its compositions By increasing either the tungSten content or the growth rare, we no%e an ingeasing tiend ®wards a compressivestress state Since
the aysmllise size is appzoximasely the ame for all alloys and growth rases, we conclude that the inceasing tungsten content enhances the effect of energetic particle
deposition (atomic peening) on the stress fdilitating this change. The results suggest that stress can be understood in terms of the same physical procexses that have
been proposed previously to explain stress in elemental films. These mechanismes, desczibed in the text include effects of non-energetic growth kinetics, micro-

structural evoluton and energetic particle bambardment

1. Introduction

Alloy films have strong technological relevance with a multitude of
applications in magnetic storage [1,2], catalysis [5], and hard coatings
[4]. Understanding the development of stress is important because it can
impact the film's performance and reliability. However, compared with
clemental films, there are far fewer measurements of stress cvolution in
sputtered alloy films. Those that have been performed generally have
not examined systematic changes in the processing parameters, which is
uscful for clucidating the underlying mechanisms controlling the stress
evolution.

In this paper, we have selected to study the W-V system, which forms
a complede body centered cubice (BCC) solid solution over all composi-
tions. The measurements were performed at different growtb rates for
different composttions to obtain a comprehensive sct of residual stress
data that could be compared with prior stress studics of elemental filims
grown under similar deposition conditions. By doing 5o, the growth rate
dependence of the stress provides a usceful means for detamining the
mechaniems that control stress 1n a solid solution alloy film.

2. Background

Previous stress evolution measurements in Ni-Mn [5] and Cu-Al [6]
have shown that stress changes may occur due to the difference in the
concentiations of the two epecies. Specific work by the authors of this
paper have shown concentration behavior in a number of binary alloys
that include Fe-Pt [ 1], W-Ti, Cu-Ag, Cu-Ni, Cu-V [7-¢], and the W-Fe, W-
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Cr, Re-Cr. [10,]1] series In some of these systems (e.g., Cu-V, W-Fe and
W-Cr), the stress varied continuously from the behavior of one clement
to the other as the composition changed. Often, the stress 15 found to
become more compressive for higher content of the material with larger
atomic number and/or higher melting point. But this bchavior is not
universal. For the Fe-Pt and Cu-Ni alloys, the measured stress was below
the single clement mectal valucs. This type of stress respansc has been
reported in other alloys as well, c.g., Angay et al. [12] noted this
behaviorin the binary Mo-Al alloy and the tecmary Mo-Al-N alloy and
Cu-Ge alloy by Purgeaud et al [13]. Hence, the stress thickness bebavior
in alloys cannot be assumed to vary in ‘Vegard's law rule-of-mixture’
manner according to their composition.

Onc of the challeaging issucs in alloy stress cvolution is to under-
stanxd how the alloy's thermodynamic properties such as the enthalpies
of mixing and segregation energics contribute to stress evolution. Such
propertics may affect the mechanisms of adatom mobility, microstruc-
ture evolution and other proceses that contribute to the stress evolu-
Hon Recognizing the complexity of the processing space (pressure and
rate) and material degign opportunitics (thermodynamic energies in
alloys) with cespect to residual stress evolution, we have specifically
sought to idenbfy an alloy for study where these charactenistics arc well
underztood. Specifically, by using s solid solution, the cenfounding in-
fluence of chemical partiioning is mitigated and the cffect of alloy
mixng on the growth stresges can more easily be evaluated as a firnction
of the overall growth rate.

Tungsten is of eagnificant technical interest because of its refractory
characteristics and is a well charactenzed in its elemental depoaited ilm
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state [14 18]. However, in the bulk, tungsten is well known to have
limited ductility at ambient temperatures [19]. In contrast, vanadium
has significantly more ductility than tungsten [20] and the alloying of
tungsten with such solutes is a well-established method to change its
mechanical ductility [21]. While this work will assess the residual stress
evolution under deposition, the bulk mechanical properties highlight
how solid solution mixing can induce mechanical property changes.

3. Experimental and analytical procedure

Single element (vanadium and tungsten) and binary alloy (V4Wi,
where x is the atomic composition, denoted as V - (at.% of W) W) thin
films were deposited at room temperature onto Si 100 wafers in an
AJA ATC-1500 sputtering chamber. The base pressure in the chamber
was 1.33 10 °Pa and the substrates were rotated at 30 rpm during
the deposition. The deposition pressure for all films was 0.27 Pa, which
was obtained by the flow of ultra-high purity Ar at 15 standard cubic
centimeter per minute with a throttled gate valve to the turbomolecular
pump. The thin films were deposited by DC magnetron sputtering from a
2-inch diameter tungsten target with a purity of 99.95 % and up to three
2-inch diameter vanadium targets with a purity of 99.9 %. The target-
substrate distance was approximately 18 cm and the deposition rate
for each target was adjusted to obtain the total deposition rate and
composition desired.

The pure vanadium samples were deposited at rates from 0.02 to
0.36 nm/s. For the alloys, the deposited compositions were V-25 W (at.
%), V-33 W (at.%) and V-50 W (at.%) in the range of 0.08 nm/s to 0.36
nm/s. The film thicknesses ranged from 200 to 400 nm with the stress-
thickness responses recorded over that range. The deposition rate for
each source was measured by a quartz crystal microbalance in the
chamber, and the total deposition rate was confirmed by cross-section
measurements in the scanning electron microscopy (SEM).

The real-time stress evolutions were captured by a k-Space Associ-
ates® multibeam optical sensor system (MOS). The laser dot array was
generated by two sets of etalons that reflected the spits into a charge
coupled device camera. The obtained stress evolution change, created
by the curvature bend of the substrate during growth, is expressed by the
product of the stress and film thickness using the Stoney equation
[22,23]:

S @

where is the measured curvature, M; is the biaxial modulus of the
substrate and h; is the substrate thickness. The product of the average
stress, ~, over the thickness of film and the film thickness, h; generated
the stress-thickness ("hy) responses during growth and can be derived by
integrating the stress along the film thickness, i.e.,

- (2)

where z is the direction normal to the substrate-film interface and =z is
the stress on the parallel plane that is z above the interface. If the stress
in the previously deposited layers does not change, the slope of the
stress-thickness vs. thickness (d("hy) dhy) is equal to the stress in the
newly deposited layers at the surface (termed the incremental stress).

The composition of the deposited alloy thin films was measured by X-
ray Energy Dispersive Spectroscopy (EDS) on SEM in a Thermo Scientific
Quattro S microscope. The voltage used in the SEM varied from 5 kV to
10 kV for imaging, but only 10 kV was used for performing EDS mea-
surements. The film's texture and lattice parameter were characterized
by X-ray Diffraction (XRD) on a Bruker D8 Discovery 2D X-ray Diffrac-
tometer with a Cu K source. Grain size measurements were estimated
from the reflected intensities using the Scherrer equation, i.e.,
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where D is the measured crystalline size, which may be smaller or
equal to the grain size. K is the dimensionless shape factor with a value
of 0.89 used based on the cubic symmetry of the structure [24], is the
line broadening at half the maximum intensity (FWHM), and is the
Bragg angle for the reflection. As some of the line broadening is from the
optics in the diffractometer XRD system, this contribution was removed
from our analysis by experimentally measuring instrumental broad-
ening, ,, by collected a peak breadth from a large grain size sample
(grain size 1 m) and subtracting this width from the width of the
much more finer grain sizes in our films, ,, using

()]

Finally, the large penetration distance of x-rays enabled the
measured crystallite size to be effectively an average over the thickness
of the film based on our film thickness being at or 400 nm. This was
confirmed by the capturing of the Si substrate XRD intensity from its
single crystal reflections.

4. Results
4.1. Stress thickness evolution in Vo,Wy., films

Stress-thickness measurements were made for films with different
compositions at different growth rates in the range of 0.08 0.36 nm/s
with these results for elemental vanadium, tungsten and alloy compo-
sitions of V-25 W, V-33 W and V-50 W plotted in Fig. 1. These films were
grown at a constant growth rate up to the maximum thickness as shown
in this figure with the growth rate corresponding to each curve indicated
in the legend. For each measurement, the slope of the stress-thickness
reaches a constant value as the thickness increases. This indicates that
the stress in the already-deposited layer is not evolving so that the slope
can be attributed to the incremental stress as described in the experi-
mental section. The dependence of incremental stress on the growth rate
and composition will be discussed more fully in Section 5 of this paper.
However, some general features can be observed in the stress-thickness
curves and are shared below.

For vanadium, the stress exhibited a tensile response for all the
growth rates, i.e., a positive slope). The dependence on growth rate was
not monotonic, showing that the stress becomes more tensile with
increasing growth rate at the lowest deposition rates (  0.16 nm/s), but
then becomes less tensile at higher growth rates ( 0.16 nm/s). For
tungsten, the stress was compressive and kept similar magnitude for all
the growth rates. For V-25 W film, the stress was tensile at the lowest
growth rate and as the growth rate increased, the slope decreased and
the stress became less tensile and more compressive. For V-33 W and V-
50 W films, the stress was compressive at the lowest growth rate and
became more compressive at higher growth rates. For elemental tung-
sten, the stress was compressive and did not change significantly with
the growth rate.

4.2. Incremental stress

In addition to the full stress-thickness data, the incremental stress is
useful for comparing the stress at different compositions and the
respective growth rates. Recall that the incremental stress is the stress in
new layers being deposited on the film after it has become continuous
and uniform. It is obtained by calculating the slope of the stress-
thickness curve at large thickness, where it becomes invariant with
respect to the thickness. The incremental stress depends on the pro-
cessing conditions and the film's grain size at the final measured film
thickness, but it does not depend on the history of the film's stress
evolution at lower thicknesses. Therefore, it is a convenient means for
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Fig. 1. Stress thickness data for Alm compositions of a) V, b) V-25 W, ¢) V-33 W, d) V-50 W and e) W. The growth rases are indicaved in the legend of each figure

companng growth of different compositions and growth rates when the
grain sizes are similar and not changing, as in this study.

Fig. 2 is a plot of the incremental stress as a function of growth rate
for the different compositions. Several important trexds can be noted.
For cach growth rase, the incremental stress tends to become less tensile,
or cquivalently, more compressive when the fraction of tungsten in-
creases in the alloy. Por the alloys containing tungsten, the stress tends
to become less tensile or, equivalently, more compressive for higher
growth rates. The major deviation from this behavior is for elemental
vanadium which showz diff erent depenxlence on the growth rate than
the tungsten-containing alloys. Here, the incremental stresz becomes
less tensile at lower growth rates, similar to what 1 observed for ma-
terials with higher adatom mobility under non-cnergetic growth con-
ditions [25].

4.3. XRD measwemnents

All XRD scans confirmed a BCC solid solution, as is thermodynami-
caily predicted, a preferred [110] growth texture, Fig. 3(a), and a shift in
latticc paramcter with composition, Fig 3(b), following a rulec-of-
mixture trend. Mcasurements of the crystallite size for different com-
positions and growth rates defermined from the XRD measurements are
shown in Fig. 3(c). For consistency, all aystallitc size mcasurements
discussed here were made at a film thickness of 400 nin; however, as a
point of reference, measurcments of 200 nm films with the same pro-
cessing conditions had essentially the same crystallite sizes as the 400
nm thick flms which indicate that the cryetallite size was not strongly
dependent on film thickness and is consistent with the invanantslope of
the stress-thickness plots in Fig. 1. The exrystallite or gnin size results for
the different compositions have very similar sizes for all compositions
with elemental vanadium being slightly smaller in size than the other
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compoaitione. In gencral, there appears to be weak dependence of
crystallite size with respect to growth rate.

S. Discussion

To undesstand these features of stress, one can consider mechanisms
that have been used previously %o model stress evolution in sputter-
deposited, elemental metal films. These mechapisms, described in
[26] include the cffects of non-energetic growth kinctics, micrastruc-
tural cvolution and cnpcrgetic particle bombardment. Perforined on
systems with a single atomic species, this previous work provides insight
into how growth kinetics, microstructure evolution, and encrgetic par-
ticle interactions may contribute to stress. Since the alloy in this work
forms a solid solution, one can invoke similar concepts in the single-
phase films deposited. These mecbanizsms include the cffects of 1)
deformation and defect production by encrgetic particles, 2) proceeses
of non-energetic film growth, and 3) grain size evolution, with detailed
descriptions of these found in references [23,27,2€] for the interested
reader.

An important feature of sputter deposition is that the asriving par-
ticles have higher kinctic encrgy than those deposited by other mecans
such as evaporation. It has been well-documented that the transfer of
momentum from the incoming particles can modify the film's growth
behavior and properties [29]. The energetic species include both the
deposited spedes (Vand W) and the background gas (Ar in this case);
their energy can be modelled by Monte Carlo methods [30,31] and is
typically <400 eV.
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Such energetic particle bombardment has been proposed to
contribute to compressive stress in the film by cither collision-induced
densification (referred to as avomic peening) [32,35] or by the trap-
ping of ion-induced defects in the bulk of the film [27,34]. These
mechanisms (atomic pecning and effect trapping) were incorporated
into an analyfical model that has been used to model the stress in a
number of clemental sputtered metal films for a range of processing
condition (growth rate, temperature, pressure) [26]. The ability of the
model to obtain good quantitative agreement with the measurcments
sugges tx that the mechaniems included in it are a useful way to consider
the regults in the alloy films.

The analysis of various elementsl sputter-deposited films shows that
the two enargetic mcchanisms in the model have a larger impact on
compressive stregs gencration for materiale with higher melting points
(or equivalently, lower adatom mobility for the same temperature) and
for higher abomic mass [26]. This observation can be invoked to explain
the dependence of the stress on composition observed for the alloys. For
V-W alloys with higher tungsten content, the melting point increascs,
which suggests that the corresponding energetic terms controlling stress
would also increase with tungsten content. This is consistent with the
incremental stress changes ecen in Fig. 2. For the same growth rate, the
ineremental stregs became more compressive when the tungsten content
18 urrreased.

For cach mcasured composition (except elemental vanadium), the
stress tends to be more compressive when the growth rate is increased.
This dependence is also consistent with what has been scen in angle
clement sputtered films that have relatively low atomic mobility. Such
behavior is attributed to an enhancement in the trapping of particle-
induced defects when the sputter deposition rate is incrcased. For very
low mobility matenals, c.g., elemental tungsten, the defect trapping may
satuiate so that the dependence on the growth rase (i.e., slope of the
stress vi. growth rate data in Fig 2) may become weaker than it is for
compositions with lower tungsten content.

The effects of energetic particles described above do not explain why
the stress is obeerved to become less teneile at lower growth rates for
clemental vanadium. To explain this bebavior, we consider the effect of
other stress generating mechanisms that are included in the model
These are due %o non-energetic growth kinetics, but also oceur during
sputter deposition [26]. These mechanisms were initially propoeed to
cxplain the stress evolution in evaporated and electrodcposited films
[23]. The stress in these cascs was attributed to competing tensle and
compressive stress generating mechanisms that occur at the triple
junction between adjacent graias as new scgments of grain boundaries
were formed. The tensile stress is proposed to be generated due po
attraction between adjacent grains that lowers the energy by forming
ncw scgments of grain boundary. The compressive stress is proposed o
be due to the insertion of alatoms atoms into the grain boundary, driven
by deposition-induced supersaturation on the surface, Modeling of these
materials suggests that the resulting stress is growth rate and material
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Fig. 3. a) XRD patsems for V-50 W films deposited. b) Lattice parameter vs atomic fraction of W. c) Grain size vs. growth rate for 400 nm Alms deposited with the

composition indicated in the legend.
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dependent. For materials with low adatom mobility or high growth
rates, the tensile stress mechanism is dominant; for high adatom
mobility or at low growth rates, the compressive stress mechanism is
dominant. For materials with sufficient atomic mobility, the stress will
transition from compressive to increasingly tensile as the growth rate is
increased.

For the tungsten-containing alloys, the atomic mobility is expected to
be low so that the stress due to non-energetic growth kinetics is tensile
and weakly dependent on the growth rate. The observed incremental
stress in Fig. 2 is the sum of this tensile stress from non-energetic growth
with compressive stress from the energetic particle bombardment. The
observed growth rate dependence is attributed primarily to the energetic
component.

However, for elemental vanadium, the atomic mobility appears to be
sufficient to allow the non-energetic compressive stress generating
process to be active. The tendency for the stress to be less tensile at lower
growth rates is consistent with what is seen in non-energetic growth if
the atomic mobility is sufficiently high. Note that the mechanism for less
tensile stress at low growth rates in elemental vanadium is fundamen-
tally different from the trend towards more compressive stress with
higher tungsten content. It is believed to be a result of the insertion of
adatoms into the grain boundaries, whereas higher tungsten content
enhances the energetic effects of atomic peening.

Finally, the role of the grain size and grain growth in stress evolution
must also be considered. Most importantly, the slope of the measured
stress-thickness was observed to change very slowly with thickness
when the incremental stress was determined (i.e., at the largest
measured thickness values). This suggests that the grain size, either at
the surface or in the bulk of the film, is not changing significantly with
the thickness at this point. The lack of grain growth is further supported
by the fact that the XRD measurements of the crystallite size was the
same (within error) for measurements made at 200 and 400 nm film
thickness under the same conditions. Furthermore, since the measured
size is similar for all the compositions and growth rates, differences in
the magnitude of the grain size cannot be used to explain the observed
difference in the incremental stress. Therefore, microstructural evolu-
tion is not expected to contribute significantly to the stress.

The above analysis suggests that energetic particle effects, enhanced
by the higher content of tungsten, appears to be the most significant
influence on the observed growth stress changes. This explains both the
tendency to become more compressive with more tungsten for the same
growth rate and to become more compressive with higher growth rate
for most of the compositions. The difference in the behavior of elemental
vanadium is attributed to stress generation by non-energetic growth
processes.

6. Conclusion

Using a model solid solution vanadium-tungsten alloy, the changes
in growth stress and grain size were characterized as a function of
growth rate and composition. The crystallite size was relatively
invariant for each alloy across the range of growth rates studied. As
tungsten was added to the vanadium solution, the incremental growth
stress trended towards a more compressive stress state, which can be
explained by enhancement of the atomic peening effect by the addition
of tungsten. The effect of the growth rate on stress in the alloys is
consistent with mechanisms proposed for single element thin films
deposited by sputtering [26], e.g., Co, Cr, Mo and W. Future work is
directed towards quantitative modeling to relate the kinetic parameters
that control stress in binary alloys to the parameters that control stress in
the individual component systems.
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