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ABSTRACT 

While met.al alloy films are used in many applicatiom, there remains a rather limited series of studies of their stress evolution during- growth as compared to 
elemental fUms.. Here, we provide measurements of the sputter deposition stress evolution of v.w1 .. alloys, which is a syswn that forms a body centered cubic solid 
solution across all its compositiom. By in.c:reasio.g either the tungste.n content or the growth rate, we note an increasing tread toWalds a compressive stress state. Since 
the crystallite size i s  approximately the same for all alloys and growth rates, we conclude that the increasing tuo.gsten content enhances the effect of energetic particle 
deposition (atomic peeniD.g) on the stress facilitating- this ctw,.ge. The results suggest that stress can be undentood in tmns of the same physical processes that have 
been proposed previously to explain stress in elemental films. These mecba:nismS-, described in the text include eJfeets of llOll-energetic growth kinetics, micro­
structural evolution and energetic particle bombardment. 

1. Introduction

Alloy films have strong tcchnolo�cal rdevancc with a multitude of 
applications in magnetic storage: [l,2], catalysis [3], and hard coating;s 
[ 4]. Undcntanding; the development of stress is important bec-ause it can 
impact the film's performance and :reliability. However, compared with 
elemental 6.lm.s, there are far fewer measurements of stress evolution in 
sputtered alloy films. Thooe that have been performed generally have 
not examined systematic chang-es in the processing- parameters., which is
useful for elucidating- the underlying mechanisms controlling the strea: 
evolution. 

In this paper, we have selected to study the w. V system. which forms 
a complete body centered cubic {BCC) solid solution over all composi• 
tions. The measurements were performed at different uawtb rates for 
different compooitions to obtain a comprehensive set of residual strea: 
data that could bc: compared with prior strea: studies of dc:mc:ntal films 
grown under similar deposition conditions. By doing so, the growth rate 
dependence of the strea: provides a useful means for determining the 
mechanisms that control stress in a solid solution alloy film. 

2. Bac�und

Previous stress evolution measurements in Ni•Mn [5] and Cu•Al [6] 
have shown that stress chan8es may occur due to the difference in the 
concentrations of the two s::peciea. Specific wor.k by the authon of this 
paper have shown concentration behavior in a number of binary alloys 
that include Pe-Pt [l], W•Ti, Cu•Ag. CU•Ni, Cu.V [7-9], and the W•Pe, w. 
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Cr, Fe-Cr. [10.11] series. lo some of these systems (e.g .• Cu-V, W•Pe and 
W-Cr), the stress varied continuously from the behavior of one element 
to the other as the composition chan...,,ved. Often, the strea: is found to 
become more compressive for �er content of the material with larger 
atomic number and/or �er mdting; point But this behavior is not 
universal. For the Pe•Pt and CU•Ni alloys, the measured strea: was below 
the single element metal valuc.s.. This type of stress response: has been
reported in other alloys as well, e.g., �y et al [12] noted this
behavior in the binary Mo-Al alloy and the ternary Mo-Al-N alloy and
Cu-Ge alloy by Purgeaud et al [13]. Hence, the stress thiclme.ss behavior 
in alloys cannot be asrumed to vary in 'Veg:ar<l's law rule"f•mixture' 
manner according; to their compooition. 

One of the challenging; issues in alloy stress evolution is to under• 
stand how the alloy's thermodynamic properties such as the enthalpies 
of mixing; and segrcg:ation energies contribute to stress evolution. Such 
properties may affect the mcchanisms of adatom mobility. microstruc­
ture evolution and other procc&Ses that contribute to the stress evolu­
tion. Recognizing; the complexity of the proce&Sing space (prc.ssurc and 
rate) and material de� opportunities (thcnnodynamic energies in 
alloys) with rcsp,ect to residual stress evolution, wc: have specifically 
sought to identify an alloy for study where these characteristics arc well 
undemi-1. Spttifioally, by ucing a oolid •olution, the confounding in­
fluence of chemic-al partitioning; is mi�ted and the effect of alloy 

mixing; on the uawtb strea:es can more easily be evaluated as a function 
of the overall �owth rate. 

�ten is of significant technical interest because of its rc:&actory 
characteristic.a and is a wdl characterized in its de.mental depooited film 
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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 (VxW1-x,
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 5 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]: 

(1)  

where is the measured curvature, Ms is the biaxial modulus of the 
substrate and hs is the substrate thickness. The product of the average 
stress, , over the thickness of film and the film thickness, hf generated 
the stress-thickness ( hf ) 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( hf ) dhf ) 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., 

(3) 

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, s, 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, m, using 

(4) 

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 VxW1-x 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 film compositions of a) V, b) V-25 w. c) V-33 W, d) V-50 Wand e) W. The growth rate3 are indicated in the legend of each flgure.. 

comps.ring; �owth of different compositions and growth rates when the 
grain sizes arc similar and not c�, as in this study. 

fig. 2 is a plot of th< incronrntal stm• as a function of growth rat<
for the different compositiom. Several important trends can be noted. 
For each �wth rate, the incremental stress tends to become less tensile, 
or equivalently, more comprc:ssivc when the fraction of tt.tn,te.n in­
creases in the alloy. Por the alloys containing; tt.tn,ten, the strc.ss tends 
to become less tensile or, equivalently, more compressive for �er 
growth rate.a. The major deviation from this behavior is for demental 
vanadium which shows different dependence on the ucwtb rate than 
the tungsten-containing; alloys. He.re, the incremental stress bccomc.s 
less tensile at lower �wth rates, similar to what is observed for ma­
terials with higher adatom mobility tmder non-cnerectic �owth con­ditions [25]. 

4.3. XRD measw-ements 

All XRD scans oonfinncd a BCC solid solution, as is tbamodynami­
caOy pt<dictcd, a preferred [110] i:rowtb tcxturc,Fig. 3(a), and a shift in 
lattice parameter with compooition, Pig. 3(b), following a ru.le-of­
mix.turc trc.nd. Measurements of the cryata.llite size for different com­
pooitions and growth rates determined from the XRD measurements arc 
shown in Pie. 3(c). Por consistency, all cryata.llite size measurements 
discussed here were made at a film thickness of 400 nm; however, as a 
point of reference, measuranents of 200 nm 61m.s with the same pro­
cessing; conditions had essentially the same crystallite sizes as the 400 
nm thick films which indicate that the crystallite size was not strongly 
dependent on film thickness and is consistent with the invariant slope of 
the strC&S-thickness plots in Pie. I. The crystallite or pin size results for 
the different compositions have very similar sizes for all compositions 
with demcntal vanadium being slightly smaller in size than the other 
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Fig. 2. Jncreme.ntal stress vs. growth rate for films deposited with the 
composition indicated in the legend. 

compositions. In general, there appears to be weak dependence of 
crystallite: size with respect to growth rate. 

s. Discussion 

To nndcrstand these features of strCSS-, one can consider mt"Cbanisrns 
that have: been used previously to model stress evolution in sputtcr4 

dc:positc:d, dcmmtal metal films. Thiesc: mechanisms, described in 
(26) include: the effects of non-cner�tic �owth kinetics, microstruC4 
tural evolution and c:nc:rgd:ic particle: bombardment. Performed on
sys.tans with a single: atomic species., this previous wodt provides. insight
into how growth kinetics., microstructure evolution. and c:nc:rgd:ic par4 

ticlc: interactions may contribute to stre-SS. Since the: alloy in this work 
forms a solid solution, one: can invoke similar concepts in the s-�C4 
phase films deposited. These m.-..bani6ltls include the: effects of 1) 
defonnation and defect production by cner�etic particles. 2) processca 
of non-cner�etic film� and 3) uain size: evolution. with detailed 
descriptions of thc.sc found in rcfc:rcnecs. (23.27,28] for the interested 
reader. 

An important feature of sputter dc:pooition is that the arriving; par4 

ticles bavc: higher kinetic c:ncr� than thooc: dc:positc:d by other means 
such as evaporation. It has been well4documc:nted that the transfer of 
momentum from the: incoming particles. can modify the film's growth 
behavior and properties. (29]. The cncrgc:tic species include both the 
dcpccitcd species (V and W) and the background ,s (Ar in this case); 
their en� can be modelled. by Monte: Carlo methods (30,31] and is 
typically <400 c:V. 
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Such energetic particle: bombardment has bc:m proposed to 
contribute to comprc.ssivc: stress in the film by either eollision4inducc:d 
dc:nsi6cation (rcfc::rrcd to as atomic peening) (32,33] or by the: trap4 

ping; of ion4induccd defects in the bulk of the: film [27,34]. These: 
mechanisms (atomic peening and effc:ct trapping;) were incorporated 
into an analytical model that bas been used to modd the stress in a 
number of elemental sputtered metal fibns for a r8Jl8c: of processing 
condition (growth rate:, temperature. pressure) [26]. The: ability of the: 
model to obtain �d quantitative ageemc:nt with the measurements 
su.ucsta that the mc:c:hanisms included in it arc a useful way to consider 
tbc results in tbc alloy film.a. 

The: analysis of various de.mental sputtcr�c:pooitc:d films shows that 
the two c:nc:rgc:tic mc:c:hanisms in the modd have a lar�r impact on 
compressive: strCSS- �enc.ration for matc:rials with higher mdt:ing points 
( or equivalently, lower adatom mobility for the same: temperature) and 
for big-her atomic mass (26]. This observation can be invoked to explain 
tbc dc:pmdc:ncc: of the stress on composition observed for the: alloya. For 
V4W alloys witb �er tt.tngstcn content, tbc mdting point incrcascs., 
which su�csts that the corresponding c:nc:rgd:ic terms contro� stress 
would also increase with tungsten content. This is consistent with the: 
incremental stress changes seen in Fig. 2. For the same growth rate. the: 
incremental stress became: more compressive: when the tungsten content 
is incrcas,ed .  

For each measured composition (except dc:mental vanadium), the: 
stress tends to be more compressive: when the: growth rate is incrcas,ed. 
This dc:pc:ndencc: is also consistent with what has bc:cn scc:n in �c: 
element sputtered films that have rclativdy low atomic mobility. Such 
behavior is attributed to an enhancement in the trapping- of particlc:4 

inducc:d dc:fc:cta when the: sputter dc:pooition rate: is increased. For very 
low mobility matc:.rials, c:.g.. dcmmtal tungsten, the defect trapping may 
saturate so that the: dc:pcndencc on the � rate (i.e., slope of the: 
etrc.ss vs. growth rate data in Fie. 2) may become: weaker than it is for 
compositions with lower tungsten content. 

The: effects of cner�etic particles. described above: do not explain why 
the stress is ooocr'Vc:d to become: lc:.ss tensile: at lower �owth rates. for 
elemental vanadium. To explain this behavior. we consider the c:ffc:c:t of 
other stress generating m«hani6ltls that arc included in tbc model 
These: arc due: to non-c:nc:rgc:tic growth kinetics. but also occur during 
sputter dc:pooition (26). These mc:c:hanisms were initially propooc:d to 
explain the stress evolution in c:vaporatc:d and dc:c:trodc:posited films 
[23]. The: stress in these cases was attributed to competing tensile and 
compressive: stress generating mc:cbanisrns that occur at the: triple: 
junction between adjacent uains as nc:w segments of grain boundaries. 
were formed. The: tensile strc.ss is proposed to be: generated. due: to 
attraction between adjacent grains that lowers the energy by forming 
nc:w s�enta of uain boundary. The compressive: stre.ss is proposed to 
be due to the insertion of aclatoms atoms into the: �ain boundary, driven 
by dc:position4induced supersaturation on the: surface. Modeling of these: 
materials suuests that the rcrulting stress is growth rate: and material 
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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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