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A B S T R A C T   

In this work, a series of W films are deposited at different deposition rates (0.2, 0.5, and 1.0 nm/s) and pressures 
(0.27, 0.47, 0.67, and 1.33 Pa). Comparing the residual stresses between different deposition rates, the stress was 
found to become more tensile at higher depositions rates over the pressure ranges studied. Films deposited at the 
three highest pressures were tensile in stress, had small grains (~15 to 20 nm), and stabilized the metastable A15 
phase often referred to as β-W. At the lowest pressure, 0.27 Pa, the films were compressive in stress, larger grain 
sizes (~70 to 90 nm), and primarily stabilized the body centered cubic α-W phase. If a W seed layer was grown 
under either the α-W or β-W growth conditions, the subsequent W layer adopted the phase state of the seed layer, 
independent of processing conditions and/or grain sizes, suggesting that the phase state is most likely determined 
in the initial stages of nucleation. The seed layer experiment also suggest that these layers can promote more 
controlled grain sizes in thicker β-W films, which has not been observed in previous work. The stress mea-
surements are interpreted in terms of a previously developed kinetic model that includes effects of growth ki-
netics, microstructural evolution, and energetic particle bombardment.   

1. Introduction 

Refractory metals are characterized by their high melting tempera-
ture, chemical inertness, and relatively high density. These physical 
attributes enable them to be resistant to both heat and wear offering a 
niche material for extreme environments. While refractories are often 
fabricated through powder metallurgy routes, the use of these materials 
as coatings has enabled applications as interconnects for semiconductor 
metallization [1], coatings to mitigate fissile fuel loss in nuclear fuel 
elements [2], and alternating layers in X-ray mirrors [3]. Film and 
coating deposition is typically done through chemical vapor deposition 
(CVD) and magnetron sputter deposition. CVD of refractory films is 
often carried out utilizing chloride or fluoride precursors, which result in 
the production of HCl and HF respectively [4]. Because of the environ-
mental health and safety concerns of these byproducts, sputter deposi-
tion has become a common tool in the fabrication of refractory films 
[1–3,5]. 

Of the refractory metals, tungsten (W) offers the highest melting 
temperature and is the most isotropic in its physical properties. While it 
is often reported in its thermodynamic equilibrium body centered cubic 
(BCC) structure, there are reports of stabilizing a metastable A15 phase, 

commonly referred to as β-W, when deposited as a film [5–7]. Such 
metastable phases have also been reported in other BCC refractory 
metals when grown as films too [8,9]. This less common β-W phase 
exhibits a ‘giant’ spin Hall effect that is beneficial for the development of 
spintronics [5]. To further develop and systematically engineer this and 
other W-based film applications, an improved understanding of its 
growth as a function of deposition conditions is required. 

It is well known that deposition parameters determine both the re-
sidual stresses and microstructure of deposited films [10]. Understand-
ing how these stresses evolve is important to the development of quality 
films since residual stress is known to be a dominant factor in the failure 
of thin films [11]. Delamination and/or buckling of films can be 
observed when the magnitude of their residual stress is sufficiently large 
[12]. The generation of such stresses is a complex process with 
numerous underlying mechanisms that are influenced by the mobility of 
the deposited adatoms, which is influenced by the deposition technique. 
For example, sputtering is an energetic deposition process whereas 
thermal evaporation is not [11]. When adatoms arrive onto a weakly 
interacting substrate, they diffuse towards one another to form embry-
onic islands resulting in an initial compressive stress regardless of the 
adatoms being high or low mobility in nature [13]. This is driven by 
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surface-to-volume energy considerations. As the islands near each other, 
the atoms on the surface of the islands elastically strain towards each 
other to coalesce the islands into a continuous film resulting in a tensile 
stress state [14]. Since each island has a different crystallographic 
misorientation to the other, this coalescence ultimately leads to the 
formation of grain boundaries within the film. For low mobility ada-
toms, this tensile stress continues after coalescence as the presence of the 
grain boundaries in the film facilitate the elastic straining between 
atoms across such boundaries. In high mobility adatoms, a secondary 
compressive growth regime exists after coalescence, which is less un-
derstood. Several models have been proposed to understand and predict 
the generation of these residual stresses in various material systems 
[14–17]. In one model, excess adatoms on the film surface are proposed 
to create the compressive stress [16]. While in another model, it is 
suggested that adatoms insert themselves into grain boundaries during 
growth as the film thickens because of a chemical potential difference 
created between the surface and the grain boundaries under the arriving 
flux [18]. 

What is particularly confounding is noting compressive stress for-
mation in refractory metal films. Here, one could expect lower adatom 
mobility since such metals have higher melting temperatures that 
translate to higher activation energies for diffusion. Nevertheless, in a 
high energy deposition technique, i.e., sputtering, the higher mass of 
refectory atoms can result in energetic bombardment, which is also 
referred to as ion or atomic peening in the literature. This peening can 
result in dislocation generation and grain boundary densification that is 
not typically observed for low mobility adatoms [19,20]. 

To understand this complex residual stress evolution, Chason and his 
co-authors developed a kinetic based model that accounts for both the 
tensile stresses of grain boundary formation and the compressive stress 
generation of adatom insertion into those boundaries [18,21,22]. The 
model describes the incremental increase of the average stress inte-
grated over the thickness of the layer due to the additive effects of 
several stress-generating mechanisms including island coalescence, 
compressive contributions from the insertion of excess adatoms into 
grain boundaries, sub-surface grain growth, and energetic peening and 
bulk defect incorporation. The reader is directed to reference [22] for 
further details. The ability of this model to accommodate both non- 
energetic and energetic growth mechanisms has allowed it to find 
good agreement with experimental data on sputtered films composed of 
both high mobility (Cu, Ni) [23,24] and low mobility (Mo) [20,25] 
adatoms. 

While Chason's model has provided good agreement with experi-
mental data in the case of Mo, expanding this model to other low 
mobility adatom films would be beneficial to promote an improved 
understanding of stress development in refractory metal films. For 
example, the stress in W has been reported to deviate with substrate bias 
[26], temperature [27], sputtering pressure [28,29], and solute alloying 
[30]. And, as noted earlier, this metal can adopt a metastable β-W phase 
where little is systematically known in relation to how residual stress 
evolves when it forms and/or how residual stress may contribute to its 
stability. This work aims to provide a more complete explanation for 
stresses generated in W films grown with varying sputtering pressures 
and deposition rates through the utilization of in-situ stress measure-

ments with such data fitted to Chason's model to further expand 
experimental assessment of this model. 

2. Experimental and analytical procedure 

An AJA ATC-1500 sputtering unit was utilized for balanced 
magnetron sputtering of the W films analyzed here. This unit was 
evacuated to a base pressure of <6.67 × 10−6 Pa prior to all depositions. 
After achieving this base pressure, ultra-high purity Ar was flown into 
the chamber at a rate of 15 standard cubic centimeter per minute while a 
gate valve adjusted the pumping speed to maintain the desired deposi-
tion pressure. Three W films were grown at different deposition rates 
(0.2, 0.5, and 1.0 nm/s) at each of the four deposition pressures (0.27, 
0.47, 0.67, and 1.33 Pa). To maintain the desired deposition rates over 
this range of pressures, the films were sputtered either from a single W 
target or co-sputtered using multiple W targets (up to four) at a target-to- 
substrate distance of 16 cm, where all targets had a purity of approxi-
mately 99.95 %. As will be developed in the discussion section, W seed 
layers were also utilized to control a subsequent W film phase state. The 
processing state of these W seed layers were determined based on the 
targeted phase state that will be shown in the results section. Prior to 
each deposition, the deposition rate was measured in-situ utilizing a 
quartz crystal microbalance. Approximately 270 μm thick Si 〈100〉 wa-
fers with a thermally grown 100 nm SiO2 layer were chosen as substrates 
and were rotated at 30 rpm during deposition of an approximately 200 
nm thick film. All the depositions were performed nominally at room 
temperature (i.e., without intentional sample heating). 

The internal stress values associated with each deposition were 
measured in-situ using a k-Space Associates® multibeam optical sensor 
system (MOS) with a data collection frequency of 0.5 Hz. Each mea-
surement is captured when the input trigger is activated by the substrate 
rotation, which occurs once every full rotation. As the film grows, the 
substrate bends and the corresponding stress evolution is captured over 
the deposition time or in other words the film thickness. The MOS laser 
array is at the center of the substrate positioned between the four equally 
spaced cathode sputtering guns. As the name suggests, the MOS system 
utilizes a generated array of lasers spot to measure the curvature of the 
wafer. This array is generated by passing a single beam laser through a 
series of two etalons. After generation, the array reflects off the surface 
of the wafer and is captured by a CCD camera. The mechanical stress 
generated during the growth of the film is responsible for the bending of 
the wafer, so measuring the radius of curvature of the wafer allows 
determination of the magnitude of the stress. This is achieved using the 
Stoney equation [31,32] described here: 

σ = κMSh2
S

6hf

(1)  

where κ is the measured curvature, MS is the biaxial modulus of the 
substrate, and hS and hf are the substrate and film thickness respectively. 
All stresses are reported in terms of their stress-thickness product for 
comparisons. 

The residual stress measurements are interpreted by fitting the data 
to the kinetic model introduced above. The equation describing the 
evolution of the thickness-integrated stress (σhf , referred to as the stress- 
thickness) is  

with several adjustable and experimental parameters. The first two term 
corresponds to the stress in the film during non-energetic growth and 
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encompasses a tensile contribution from island coalescence and a 
compressive component from the insertion of excess adatoms into grain 
boundaries with σC and σT,0 being the parameters determining the 
compressive and tensile stresses, respectively. The βD is a parameter 
dependent on the concentration and mobility of surface atoms. The third 
term corresponds to the effect of sub-surface grain growth where MfΔa is 
related to the densification associated with subsurface grain growth. Mf 
is the biaxial modulus of the film and Δa is the width of the grain 
boundary. The last two terms correspond to stress from the energetic 
growth mechanisms of energetic peening and bulk defect incorporation, 
respectively. Here A0 is an adjustable parameter fitting the model to 
experimental data that is dependent on the working pressure, l is a 
distance utilized to determine the fraction of energetic particles that 
induce stress at the grain boundaries, B0 is the stress due to the steady 
state concentration of bombardment-induced defects in the film, and τS 
is the characteristic time for a defect to diffuse to the surface and 
annihilate, which can be determined from ̅̅̅̅̅̅̅̅̅Diτs

√
= l+ Rτs. R is the 

growth rate and Lref is a reference grain size (taken as 1 nm). Lref is used 
to make σT,0 have units of stress. By taking Lref as 1 nm, it allows (Lref/Lhf) 
to be dimensionless and not affect the value of the fit. The grain size is 
assumed to change linearly with the deposited thickness, where Lo +
α1hf describes the grain size at the film-substrate interface and Lo + α2hf 
is the grain size at the film surface. 

A MatLab® code was written to determine the parameters based on a 
non-linear least-squares algorithm for fitting Eq. 2 to the experimental 
input data. In the fitting, some parameters (σT, 0, βD and MfΔa) are set to 
be common for all the deposition condition while others (σC, L0, α1 and 
α2) are allowed to vary for the different processing conditions within 
different data sets. To reduce the number of fitting parameters, the en-
ergetic parameters (A0, B0 and l) are assumed to depend linearly on 
pressure below a threshold of P0 so that A0 = A* (1 − P / P0) where A* 
and P0 are fitting parameters that are common for all the data. The same 
linear pressure dependence is assumed for B0 and l. Since the deviation 
between the model and the data is not only because of experimental 
error, the error associated with each parameter cannot be determined 
precisely. The fitting parameters determined should be thought of as a 
reasonable set of values but not uniquely correct. Additional details of 
the model and fitting procedure can be found in [18,21,22]. 

To support the model input parameters, post-growth characteriza-
tion was done to quantify the film microstructure. The phase of each film 
was determined utilizing X-ray diffraction (XRD) on a Bruker D8 
Discover with a Co Kα source over a 2θ range of 30 to 120◦. The grain size 
at each film surface was determined by one of two techniques depending 
on the size regime of the grains. Grain size measurements for small 
grains were achieved using transmission electron microscopy (TEM) in 
the plane-view (normal to the growth surface). These specimens were 
prepared by dimpling 3 mm diameter discs of <100 μm thickness to a 
thickness of <15 μm with a Fischione model 200 dimple grinder from 
the substrate side. These discs were then ion milled using a Gatan 

Precision Ion Polishing System until perforation enabling electron 
transparency around the holes. Cross-sectional samples of the films were 
prepared by a focus ion beam (FIB) milling lift-out technique [33] in a 
Lyra Tescan FIB. If the deposited film grains were sufficiently large (>50 
nm), electron backscatter diffraction (EBSD) from the film surface was 
carried out with an EDAX detector in a ThermoFisher Apreo by scanning 
electron microscopy (SEM). Through EBSD, grain maps and subsequent 
analysis were completed using the OIM Analysis v7 platform. Grain 
dilation was performed as a multi-iterative procedure with a minimum 
tolerance angle and grain size of 5◦ and 10 nm, respectively. 

3. Results 

In-situ stress measurements collected for different processing condi-
tions using the MOS system are provided in Fig. 1. The data presents the 
average stress thickness value for each W film as a function of its 
thickness. Fig. 1(a–c) each represent a different deposition rate (0.2, 0.5, 
and 1.0 nm/s respectively) and contains data for all four deposition 
pressures (0.27, 0.47, 0.67, and 1.33 Pa) for the given rate. Because of 
the fast growth rates and the limited substrate rotation speed (which 
determines the rate of data collection), the initial stress response of the 
films at the early stages of growth are not captured and explains the lack 
of stress convergence to zero at zero thickness. Regardless, comparing 
the data from all three rates reveals that the general trend of the stress 
response does not change as a function of deposition rate. However, it 
can be observed that the lower deposition rates tend to drive the stress 
magnitudes towards more compressive values. 

Altering the deposition pressure results in a more complex stress 
response trend evident by the larger stress differences between films 
grown over these pressures. The three highest pressures (0.47, 0.67, and 
1.33 Pa) follow a common trend where the stress displays more tensile 
values as the pressure is lowered. In contrast to this trend, films grown at 
the lowest pressure, 0.27 Pa, experience extreme compressive stresses. 
This suggests a fundamental difference between the films grown at 0.27 
Pa and the remaining pressures. Furthermore, the linear slopes observed 
after initial stress generation suggest that the incremental stress does not 
change as a function of the film thickness, i.e., the grains are not growing 
substantially during deposition [13]. 

One factor that should be considered to explain the difference in 
stress response at 0.27 Pa is a change in the phase of the W films. As 
mentioned in the introduction, W is commonly observed in its α or BCC 
phase but sputtering has been reported to stabilize the A15 β phase over 
a range of deposition parameters [5–7]. Furthermore, previous research 
in determining the stress response of the β-W phase has shown that it 
tends to promote tensile stresses [26,30]. To elucidate how each film's 
phase may relate to its growth stress, XRD patterns are provided in 
Fig. 2. In this data, the non-labeled peaks were determined to be from 
the substrate. Fig. 2(a) displays the patterns associated with the tensile 
films. As with the previous work, it is found that deposition parameters 

Fig. 1. In-situ growth stress evolution of W films sputtered with deposition pressures of 0.27, 0.47, 0.67, and 1.33 Pa at deposition rates of (a) 0.2 nm/s, (b) 0.5 nm/s, 
and (c) 1.0 nm/s. 
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leading to tensile stresses also promote the formation of β-W. Mean-
while, Fig. 2(b) shows that films with compressive stresses are deposited 
in only the BCC structure. This suggests that the deposition pressure 
strongly influences the final phase of the film. Of particular interest is 
the film grown at 1.0 nm/s at a pressure of 0.47 Pa, as it was the only 
film to exhibit formation of both α and β-W phases. This would suggest 
that stabilization of the β phase is a function of both the deposition 

pressure and rate since other films were grown at this pressure but only 
stabilized the β phase, which is consistent with prior reports [5,34]. 

The grain size analysis performed reveals a fundamental difference 
in the structure of the tensile and compressive W films. Fig. 3 provides an 
overview of this analysis. For the smaller grain sized films, which cor-
responds to the tensile-stress state β-W films, dark field TEM, Fig. 3(a), 
reveals them to be ~15 to 20 nm in size. In contrast, the highly 
compressive α-W films were ~70 to 90 nm, confirmed by the EBSD grain 
map, Fig. 3(b). The collective comparisons of the grain sizes are plotted 
in Fig. 3(c) and tabulated in Table 1 along with the phase state, stress 
state, and processing state for each film. These grain size measurements 
provide an independent determination of the parameter L that is used in 
the stress model. 

Using the stress measurements from Fig. 1, the data was fit to the 
kinetic model. The resulting best-fit parameters are tabulated in Table 2. 
The first part of Table 2(a) are parameters that are held common for all 
the processing conditions and regardless of the phase (α or β) present 
within the film. Meanwhile, the second part, Table 2(b), are the pa-
rameters that depend on the processing conditions, i.e., R, T and P 
(shown in columns 2–4). The 6th column is the average grain size 
calculated from the fitting parameters at 200 nm, i.e., the thickness at 
which the grain size was measured using Lave = L0 + 1

2 (∝1 + ∝2)*200, 

Fig. 2. XRD patterns for films deposited across all deposition parameters. (a) Patterns associated with films displaying tensile stresses show stabilization of the β-W in 
all cases. (b) Patterns from the compressive films suggest only BCC or α-W formation. Unlabeled peak at ~72◦ is attributed to the Si (400) peak. 

Fig. 3. (a) Representative dark field TEM micrograph utilized for grain size determination in β-W films (0.5 nm/s and 0.67 Pa). (b) Representative EBSD grain map 
utilized for grain size determination in α-W films with inset dark field micrograph (0.5 nm/s and 0.27 Pa). Note the grain map provided utilizes random colors to 
identify grains and is not texture dependent. (c) Figure detailing the grain sizes determined for all films based on deposition pressure and rate. 

Table 1 
A condensed summary of the deposition rate, working pressure, stress states, 
phases, and grain sizes of each W film.  

Rate (nm/s) Pressure (Pa) Stress state Phase Grain size (nm)  
0.2  0.27 Compressive α 90.5 ± 51.2  
0.2  0.47 Tensile β 12.2 ± 3.7  
0.2  0.67 Tensile β 18.0 ± 5.4  
0.2  1.33 Tensile β 18.9 ± 5.5  
0.5  0.27 Compressive α 75.0 ± 34.0  
0.5  0.47 Tensile β 13.9 ± 3.7  
0.5  0.67 Tensile β 14.7 ± 3.1  
0.5  1.33 Tensile β 17.1 ± 5.5  
1.0  0.27 Compressive α 83.6 ± 36.5  
1.0  0.47 Tensile α/β 17.5 ± 6.9  
1.0  0.67 Tensile β 17.4 ± 7.5  
1.0  1.33 Tensile β 19.4 ± 6.5  
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where 200 is the film thickness in nm. Note the values of Lave and ∝2 are 
much larger for the film grown at 0.27 Pa and 0.2 nm/s than other 
conditions; this is contributed to the increased grain growth because of 
the combination of the low pressure and growth rate. This is further 

supported by Fig. 3 and Table 1, as this condition provides the largest 
grain size. Using these parameter values, the resulting stress-thickness is 
plotted in Fig. 4 with the experimentally measured data represented by 
the circular symbols and the fit by the solid lines. The color in Fig. 4 
corresponds to the color in the first column of Table 2(b) to facilitate 
direct comparison. Note that the data taken at 1.33 Pa for R = 0.2, 0.5 
and 1 nm/s and 0.67 Pa for R = 0.2 and 0.5 nm/s (near zero stress 
response, Fig. 1) were not fitted to the model because the TEM images 
(see Appendix A) revealed large gaps between the grains. Such gaps are 
not consistent with the assumptions of the model that the films are 
continuous. 

4. Discussion 

The results shown above detail the importance of both the sputtering 
rate and pressure on the characteristics of W films, as altering these 
parameters led to changes in their stress states, grain sizes, and phases. 
The discussion moving forward aims to elucidate the underlying 
mechanisms that contribute to these differences. 

When considering the stress response of films grown with different 
process parameters, both deposition rate and working pressure deter-
mine the final stress response. The interaction between them may be 
complex, as shown by the trends in the data shown in Fig. 4. For 
instance, increasing the deposition rate for low energy growth (i.e., high 
pressure or evaporation) typically results in more tensile stress re-
sponses. On the other hand, the stress typically becomes more 
compressive for higher growth rates when the particles have higher 
energy (i.e., lower pressure) [23,35]. The kinetic model is able to 

Table 2 
(a) Fitting parameters that are common to all the processing conditions. (b) Fitting parameters that are different for each set of 
processing condition. 

Fig. 4. Kinetic model fitting results (solid line) and experimental data (circles) 
for stress-thickness evolution with thickness. 
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account for these observations by including the deposition-rate depen-
dence of both the growth kinetics and energetic particle bombardment. 
For low energy, high deposition rates, it provides less time for insertion 
of surface adatoms into the developing grain boundaries [23,36] which 
reduces the compressive stress. For higher energy, higher deposition 
rates, it traps more defects that generate more compressive stress. 

While the growth rate offers some ability to tune stresses within the 
films, working pressure is found to play a more significant role in 
determining whether the W films grow dominantly tensile or compres-
sive. This is evident by the film developing more compressive stress 
(Fig. 1) when lowering the working pressure from higher values (0.47, 
0.67, or 1.33 Pa) to the lowest value (0.27 Pa). The model also agrees 
with this trend by incorporating energetic bombardment as a mecha-
nism of stress generation in which the energetic parameters become 
larger at lower pressure. This model has similarly been applied to the 
deposition of Mo films, a similar refractory film to W, where this pres-
sure dependence on compressive stress in relationship to the energetic 
peening effect is also observed [22,25]. Similarly, this phenomenon may 
explain the initial tensile increase in stress associated with lowering the 
pressure from 1.33 to 0.47 Pa because the energetic bombardments 
provide additional energy to eliminate the voids observed in the higher 
pressure films. Eliminating these voids allows for the formation of grain 
boundaries, which as discussed in the introduction is a large tensile 
contributor to film stress. This is further supported by the images pro-
vided in Appendix A that show a smaller fraction of voids at 0.47 Pa 
when compared to 1.33 Pa. 

To understand why the energetic bombardment mechanism con-
tributes more at lower pressures, it is important to understand that 
adatoms lose energy based on gas phase collisions during the sputtering 
process. The probability of such gas phase collisions can be understood 
by the number of successive particle collisions determined by the mean 
free path of the sputtered atom from the target to the substrate. The 
mean free path approximation, λ, is given by the following equation: 

λ = kBT
̅̅̅

2
√

π
(

rg + rm

)2
P

(3)  

where kB is Boltzmann's constant, T is temperature, rg and rm are the 
covalent radii of the gas and sputtered ion respectively, and P is pressure 
[7]. Using Eq. 3, λ for the lowest to highest pressures range from 2.5 to 
0.5 cm. As the pressure decreases, the mean free path increases resulting 
in less gas phase collisions that equates to lower energy loss. In terms of 

the energetic bombardment mechanism, this allows the incoming ada-
toms to impact the growing film with higher energies that result in more 
compressive stress generation. 

Grain size of the films is also found to change significantly when 
lowering the working pressure. Fig. 3(c) reveals that all the tensile high- 
pressure films exhibit a small grain size on the order of 15 to 20 nm, 
which follows the grain morphology of small, columnar grains predicted 
by the Thornton structure zone model [35]. In Thornton's model, low 
mobility adatoms associated with deposition of W films, at ambient 
temperature, would promote the formation of a Zone 1 structure. For 
these films, we even note voiding between the columnar grains (see 
Appendix A), which is again consistent with the Thornton model. 
However, the compressive films reveal larger grain sizes of 70 to 90 nm, 
Fig. 3(b). While the larger grain sizes observed in the low-pressure films 
are more indicative of a Zone 2 structure in the Thornton model, the 
ambient temperature during deposition is predicted to promote the Zone 
1 structure regardless of deposition pressure [35]. Nevertheless, these 
larger W grain sizes, at low pressures, have been reported in previous 
work [7,36]. In both references, the increase in grain size was attributed 
to the introduction of higher energy bombardments during growth 
promoting coarsening. 

For further examination of this grain growth effect, the measured 
grain size (Fig. 3c) and the grain size predicted from the modeling are 
compared in Fig. 5. The grain size was calculated from the fitting pa-
rameters for the same thickness at which the measurements were done 
(i.e., 200 nm). While the fit does not show complete agreement with the 
measured grain sizes, the values are similar in magnitude, which sup-
ports the suggestion that the increase in the magnitude of energetic 
bombardment is the primary mechanism for the differences observed 
between the grain sizes at high and low pressures. In contrast to working 
pressure, the deposition rate is found to have only limited effect on the 
grain sizes (Fig. 3(c)), which challenges the typical notion that grain size 
should decrease with increasing deposition rate because of the limited 
time for adatom coalescence [37]. This can be attributed to the W 
adatoms not having sufficient mobility to coalesce irrespective of 
deposition rate. 

The differences in film stress and grain structure observed between 
high- and low-pressure films may play a strong role in determining 
which phase of W is stabilized. Catania et al. [38] reported experimental 
studies between α and β Ta films and stated that the compressive stress 
trended with the higher density phase, i.e., the β-Ta film. They further 
noted that W has an opposite phase density, or, in other words, β-W is 

Fig. 5. Correlation of the measured grain size and fitted grain size at h = 200 nm. The dashed line represents y = x or in other words a perfect fit agreement.  
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less dense than α-W. They concluded that for W films, compressive stress 
would then favor the α-W phase. Further work by Vüllers and Spolenak 
[7] highlights that the level of voiding within a W film may also result in 
the formation of β-W. The β-W phase has been reported to be stabilized 
by residual oxygen [39,40]. Vüllers and Spolenak claim that the voids 
allow easier interaction with residual oxygen within the chamber 
resulting in stabilization of this phase. In a prior paper by the authors 
[30], we reported the residual oxygen in W films grown in the same 
chamber here to be <0.9 at.% when the base pressure was ~1.33 ×
10−5 Pa. In this work, we achieved an even lower base pressure prior to 
deposition of ~6.67 × 10−6 Pa. Regardless, it is worth noting that all 
films directly deposited onto the substrate that formed β-W had some 
varying amount of voiding found in the microstructure which was ab-
sent in the α-W film (see Appendix A). The question of whether 
compressive stresses or a voided microstructure are required to form the 
β-W is expanded upon later in the discussion. 

Besides stress state and potential voiding as a contributor to β-W 
stability, the deposition rate may also play a role in phase stabilization of 
the W films. For example, all the deposition rates where the film grew 
tensile adopted the β-W phase except for the film at the highest rate, 1.0 
nm/s, at 0.47 Pa, which was a mixture of both the α and β-W phases, 
Fig. 2(a), and retained the tensile stress state, Fig. 1(a). As the pressure 
increased to 0.67 Pa at 1.0 nm/s, the film reverted to being only β-W for 
all equivalent and higher pressures at this rate. 

With the trends discussed this far, it is clear the deposition pressure, 
stress state, phase of the W film, morphology of the film (voiding), and 
grain sizes are all interconnected. To decipher these interconnections, an 
additional set of experiments was undertaken. Here, a seed layer was 
grown under one condition to stabilize a specific W phase with the 
subsequent film grown on the seed surface but at a different growth 

condition to stabilize the other W phase. Whether the W layer was the 
seed or the subsequent layer grown on the seed, the β-W conditions were 
0.5 nm/s at a pressure of 1.33 Pa and the α-W conditions were 0.5 nm/s 
at a pressure of 0.27 Pa. The results of these two experiments are pre-
sented in Fig. 6, where (a)–(c) represents the β-W film parameters on the 
α-W seed and (d–f) represent the α-W film parameters on the β-W seed. 
In both cases, the stress states of the primary films are seemingly unaf-
fected by the seed layer. The layers grown at 1.33 Pa (the β condition) 
always results in tensile stress and the layers grown at 0.27 Pa (the α 

condition) ultimately results in compressive stresses (see Fig. 6(a) and 
(d)). The tensile jump at 50 nm in Fig. 6(a) is attributed to relaxation of 
the film during a lack of deposition as the process parameters were 
changed to deposit the second layer. The initial large tensile increase in 
incremental stress, as evident by the change in slope, observed after the 
seed layer deposition in Fig. 6(d) is attributed to the closure of voids 
resulting in grain boundary formation in the secondary layer of the film 
in its early stages of growth. Fig. 6(b) and (e) show that the phase of the 
subsequent films is dependent on the phase of the seed layer from which 
it grows. An α-W seed layer promotes the α phase in the entire film even 
when depositions parameters that led to the prior β-W stabilization are 
used (Fig. 6(b) and vice-versa for the β-W seed layer where the subse-
quent W film adopts the A15 structure even though the parameter would 
suggest bcc growth (Fig. 6(e)). While the seed layers stabilize the phase 
of the film, they do not stabilize the grain structure of the film, as seen in 
Fig. 6(c) and (f). All layers grown at 1.33 Pa show small columnar grains 
with voided boundaries while the 0.27 Pa produced larger, densified 
columns. 

The results of these seed layer experiments provide improved insight 
into the interconnections of the deposition pressure, stress state, phase 
state, and grain size. The independence of both the stress state and grain 

Fig. 6. (a) In-situ stress growth evolution of a W film grown at 0.5 nm/s with the seed layer grown at 0.27 Pa and the secondary layer grown at 1.33 Pa. (b) XRD 
showing α-W formation in the film from part (a). (c) Cross-sectional TEM micrograph of film from parts (a) and (b) showing distinct grain morphology in each layer. 
(d) In-situ stress growth evolution of a W film grown at 0.5 nm/s with the seed layer grown at 1.33 Pa and the secondary layer grown at 0.27 Pa. (e) XRD showing β-W 
formation in the film from part (d). (f) Cross-sectional TEM micrograph of film from parts (d) and (e) showing distinct grain morphology in each layer. 
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size from the seed layer reveals that these are likely altered by the 
processing conditions themselves rather than the film's phase. This dis-
covery provides new understanding in that the increase in energy of the 
bombarding particles is the primary cause of both the large grains and 
compressive stresses observed in the low-pressure films and not the 
film's phase. Secondly, the dependence of the film's phase on the seed 
layer suggests the importance of phase stability in the early stages of 
growth on the surface which it grows from. Previously, the stabilization 
of the β-W phase was rationalized by the ability of oxygen to easily 
migrate into a film through porosity found in the microstructure [7]. In 
contrast, Fig. 6(e) and (f) shows densified grains but for a film that is 
β-W. While this does not disprove the claims of Catania et al. [38] or 
Vüllers and Spolenak [7], it does suggest that compressive stresses and 
voided microstructures are not necessarily requisite for β-phase stabili-
zation. Rather, the stabilization of phases by seed layers suggests that 
the dominating phase is largely dependent on the initial stages of its 
growth. For example, interactions with residual oxygen during nucle-
ation of the films may be the primary influence on the final stabilized 
phase, which has been proposed in the stabilization of metastable 
tantalum films [8,9,41]. Other than the possible minute oxygen presence 
discussed above in this chamber, it appears that the energy of these 
depositing adatoms likely provides the primary reason for the formation 
of β-W in these sputter-deposited films since this phase was stabilized 
over a variety of different processing conditions (pressures and rates). In 
those cases, the deposition energy of the arriving adatoms was insuffi-
cient to promote the formation of the thermodynamically stable α-W 
phase [7,28]. Finally, this work provides potential new routes for pro-
duction of densified β-W which, to the authors' knowledge, has not been 
observed previously. Such findings may enable further functionality 
control for films in spintronics applications [5] and other potential ap-
plications where β-W is found to be beneficial. 

5. Conclusion 

A series of W films were deposited by magnetron sputtering to 
determine the effects of both deposition rate and pressure on the stress 
states and microstructure of the films. An experimental matrix 
composed of three growth rates (0.2, 0.5, and 1.0 nm/s) and four 
deposition pressures (0.27, 0.47, 0.67, and 1.33 Pa) was constructed. In- 
situ stress analysis, XRD, and TEM/EBSD were utilized to determine the 
stress states, phases, and grain sizes of the films, respectively. For films 
deposited at 0.27 Pa, regardless of the deposition rate, the films were bcc 
α-W and compressive in stress with grain sizes ~70 to 90 nm. Films 
grown at 0.47, 0.67, and 1.33 Pa were found to have tensile stresses, 
grain size ~15 to 20 nm, and the stabilization of the A15 β-W phase. 
These results demonstrated that deposition pressure, stress state, grain 
size, and phase were all interconnected. 

Using a seed layer experiment, where the seed was grown at a con-
dition to stabilize the aforementioned films with the subsequent layer 
grown under an opposite phase condition process, it was found that the 
seed layer, not the process state, stabilized the phase for the conditions 
studied. As a result, the β-W film was densified and adopted a larger 
grain size. Alternatively, the film stress depended primarily on the 
processing conditions and not the underlying seed layer. These results 
indicate that the stress state and grain size are primarily dependent on 
the sputtering pressure and not the phase, with the phase determined 
during the initial stages of nucleation from the surface from which it 
grows off. This also provides an avenue for promoting both fine and 
coarse grain structures in β-W films, which has not been previously 
reported. 

As stress state and grain size depend heavily on sputtering pressure, 
the distinct differences observed between high and low-pressure films is 
attributed to the increased energy of depositing adatoms at low pressure 
providing an increased energetic peening effect on the films surface. To 
further understand the contributions of energetic peening and other 
mechanisms to the film stress state, a kinetic growth model was utilized. 
Using reasonable setting of the processing parameters, the model was 
able to simulate multiple data sets under different deposition conditions 
with good agreement to the experimental data. Collectively, these 
findings provide further understanding to both the growth conditions for 
residual stress evolution as well as the stabilization of β-W in the thin 
film form. 
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Appendix A 

As stated previously, the data taken at 1.33 Pa for R = 0.2, 0.5 and 1 
nm/s and 0.67 Pa for R = 0.2 and 0.5 nm/s were not fit to the model 
because TEM images revealed large gaps between the grains, and the 
model assumes a consolidated film. Fig. A.1 provides the requisite bright 
field TEM micrographs utilized to determine the level of voids present 
within the films grown at pressures of 0.47, 0.67, and 1.33 Pa. Fig. A.2 
provides a representative bright field micrograph of the films grown at 
0.27 Pa that highlights the fully consolidated nature of the films. Mi-
crographs for each of the films grown at 0.27 Pa are not provided 
because the large compressive stresses limited the ability to produce 
plane-view specimens.     
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Fig. A.1. Bright field TEM micrographs depicting the voided nature of the films grown at 0.47, 0.67, and 1.33 Pa. (a–c) are films grown at 0.2 nm/s with pressures of 
0.47, 0.67, and 1.33 Pa respectively. (d–f) are films grown at 0.5 nm/s with pressures of 0.47, 0.67, and 1.33 Pa respectively. (g–i) are films grown at 0.1 nm/s with 
pressures of 0.47, 0.67, and 1.33 Pa respectively.  
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