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A B S T R A C T   
 

We report the stress and microstructural evolution for a series of Ni thin films sputter deposited over a range of 
rates (0.076 and 0.250 nm/s), pressures (0.27, 0.67 and 1.33 Pa), and substrate temperatures (ambient, 100, and 
200 ◦C). In general, as the sputtering pressure increased, the stress-thickness product, measured by wafer cur- 
vature, became tensile and trended with an increase in pressure regardless of the deposition rate. However, at the 
lowest sputtering rate and highest substrate temperature, the films exhibited a compressive growth stress. The 
collective data was then fitted to a kinetic model that accounts for the stress generation at the grain boundaries, 
from grain growth, and from the creation of defects within the film. The model’s predicted fitted parameters 
matched well to the experimental measurements except for films deposited at the lowest deposition pressure. 
These particular films exhibited a bimodal grain size distribution which could not be accommodated by the 
model’s use of a singular grain diameter. Nevertheless, in monomodal grain sizes, the results do provide support 
for the kinetic model in helping to ascertain the various contributing factors for the intrinsic stress development 
and their microstructural relationship in context to the Thornton zonal morphology descriptors for thin films and 
coatings. 

 
 

 
1. Introduction 

It is well known that the macroscopic properties, such as hardness, 
thermal and electrical transport, and optical descriptors of materials are 
linked to their microstructural characteristics. Through variation of 
processing parameters, microstructures can be altered enabling these 
properties to be controlled. In the case of thin film deposits, micro- 
structural characteristics such as grain size and their grain morphology 
can vary widely between and within deposition techniques, resulting in 
a variation of the physical responses noted above, even for the same 
material [1–3]. In particular to thin films, they may retain significant 
internal residual stresses as a result of the deposition process which then 
influences those particular properties [4,5]. These stresses can also lead 
to film failure by buckling, cracking, or delamination mechanisms [6,7]. 
Indeed, when considering the properties of a film, both the material 
microstructure and its residual stress characteristics must be concur- 
rently quantified. Understanding the relationship between the deposited 
microstructure and its residual stress is a clear prerequisite for tailoring 
thin film properties. 

While residual stress has been an area of research for over 100 years 

[8], unraveling the mechanisms, with associated models, has signifi- 
cantly advanced in the last two decades giving more clarity on the ori- 
gins of such stresses [9–13]. The development of in situ measurement 
techniques [14–16], in conjunction with post-deposition characteriza- 
tion methods, have been critical in elucidating these fundamental 
mechanisms. For example, polycrystalline films deposited through 
conventional low-energy deposition techniques exhibit a characteristic 
stress evolution response dependent on the relationship between the 
mobility of the deposited species, the rate of deposition, and the sub- 
strate temperature [17]. The interaction between these processing pa- 
rameters can yield a wide range of residual stresses from highly 
compressive to highly tensile [3,18] even for the same type of film using 
the same deposition technique. For example, electrodeposited Ni films 
demonstrate a range of stresses from compressive,        60 MPa, to ten- 
sile, 400 MPa [18], while electron-beam evaporated Ni films exhibit 
similar residual stress ranges from 50 MPa to 333 MPa [2]. 

It is generally agreed that tensile stresses evolve as the film coalesces 
together as the initial islands ‘stretch’ towards each other to eliminate 
their free surfaces and associated interfacial energy [2,10,19]. Upon 
coalescence, the stress can either continue to retain a tensile stress, 
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which is attributed to low adatom mobility over the coalesced surface or 
become compressive. The compressive stress generation mechanism has 
been proposed to include capillary effects [9], surface stresses generated 
by adatoms [13], inheritance effects of the pre-coalescence stress 
behavior [20], the incorporation of adatoms onto film ledges [10], high- 
energy atoms providing an ‘atom (shot) peening’ effect [21], and/or the 
motion of adatoms into the grain boundaries themselves [11]. Though 
several studies have reported stress responses, there are far fewer ho- 
listic investigations where sufficient parametric control has been un- 
dertaken to monitor the stress such that those results can be directly tied 
to models that account for the stress evolution mechanism(s) [2,22,23]. 
This paper reports such a controlled series of experiments for the sputter 
deposition of Ni, which has a strong technical interest for its use in in- 
tegrated circuits and memory devices [24–26]. Furthermore, the work 
expands upon the applicability of the model compared to prior works. 
For example in reference [22], a thin seed layer of Cu was deposited to 
inhibit grain growth through the thickness of the film, reducing the 
parameters for the kinetic model to fit. However, in this work we allow 
the grain size to grow during film growth, providing a more complex 
case for the model to fit. 

This works adds to the body of literature for Ni deposition, such as 
those studies previously noted for electron-beam evaporation and elec- 
trodeposition where a range of stress states and values are noted. In 
particular to the electron-beam study [2], key findings include a tensile 
stress growth state as well as grain growth during deposition, with such 
growth contributing to the reported stress evolution. But, unlike either 
electron-beam or electrodeposition, sputter deposition is considered a 
highly energetic process where additional contributions, including 
energetic-based grain boundary densification and defect formations, 
occur and must be accounted for in the stress evolution. By changing the 
various sputtering parameters of rate, pressure and substrate tempera- 
ture, one can ascertain their particular contributions. Furthermore, a 
corresponding evolution in the film microstructure will be concurrent to 
these process changes, as already noted in the other deposition tech- 
niques of Ni, with such changes intimately linked to the stress-state 
[2,27]. 

Microstructures   in   sputter   deposited   films   are   often   classically 
described by the qualitative Thornton zonal model [20,28]. In this 
model the grain morphology is divided into ‘zones’ based upon the 
sputtering pressure and homologous temperature during deposition. 
Though prior efforts have been undertaken to investigate these micro- 
structural characteristics of sputter deposited Ni [29–31], no studies 
have extensively yet linked the microstructural characteristics of the 
deposits to their stress-thickness behavior. In this work, we expand the 
processing window to now include the energetic deposition from sputter 
deposition such that we can model the stress responses using a kinetic 
model [32]. In doing so we are able to ascertain the contribution(s) 

effects, such as oxygen, on the stress evolution of the growing film. 
Under each working pressure condition, depositions were made at rates 
of 0.076 nm/s or 0.250 nm/s with the growth rates measured in situ at 
each pressure condition through a quartz crystal microbalance that was 
calibrated by post-deposition transmission electron microscopy mea- 
surements of the film’s cross sectional thickness. The films were 
deposited to a thickness of approximately 200 nm. Under these condi- 
tions, the Thornton model [20] predicts those films deposited at 0.267 
Pa and 0.667 Pa to exhibit a Zone T microstructure which is described as 
a transition structure consisting of densely packed fibrous grains that 
exhibit a V-shaped ‘blossoming’ of those grains from the substrate in the 
cross-sectional view. The films deposited at 1.33 Pa are predicted to lie 
within the Zone 1 regime, which is generally described as porous 
structures consisting of tapered crystallites separated by voids. Though 
these zones are described with distinct microstructural features, the 
processing dependent conditions for their growth morphologies should 
only be considered general guidelines and should not be taken as 
absolute. 

In addition to the ambient depositions, which is taken as 20 ◦C, an 
additional sub-set of films were deposited at elevated temperatures of 
100 ◦C or 200 ◦C at a working pressure of 0.667 Pa while maintaining 
the aforementioned deposition rates to study thermal effects on the thin 
film microstructure and stress evolution. The substrate temperature set 
point was measured using a k-Space Associates® BANDIT device that 
measures the absorption edge of Si as a function of temperature. The 
substrate set points were calibrated to measurements previously per- 
formed on calibration Si wafers. Each substrate was heated to the 
deposition temperature required for at least 1 h prior to deposition to 
ensure thermal equilibrium and allowed to cool after deposition for at 
least 4 h prior to removal from the vacuum chamber to prevent oxida- 
tion. The effect of substrate heating from the sputtering targets them- 
selves is considered negligible in this work because of the far cathode-to- 
substrate distance of nearly 16 cm. These depositions, onto a heated 
substrate, are predicted to maintain the Zone T or Zone 1 microstructure 
above and would increase the adatom mobility without significant 
change in microstructure [20]. 

All internal stress values were measured in situ through the k-Space 
Associates® multibeam optical sensor system (MOS). The system passes 
a laser through a series of etalons which generate an array of spots that 
reflect off the surface of the substrate and are captured on a charge 
couple device (CCD) camera. As the film deposits onto the substrate, the 
substrate bends in response to the mechanical stress with its radius of 
curvature dependent upon the magnitude of the stress. The substrate 
curvature shifts the reflected laser spot positions. Using the Stoney 
equation [33,34], Eq. (1), the average stress in the thin film is 
quantified. 

κMsh2 
 

 
 

 associated with the energetic aspects of sputtering while simultaneously 
tying the stress-thickness response to microstructural characteristics. 

σ s 
6hf 

(1) 

 
2. Material and methods 

The Ni films were deposited via balanced magnetron sputtering in an 
AJA ATC-1500 sputtering chamber equipped with four con-focal targets 
and an AJA SHQ 2002-2L heater controller. To maintain uniform 
deposition rates, each film was deposited from either a single Ni target at 
lower pressures or co-sputtered at higher pressures using multiple Ni 
targets, with each target having a purity > 99.99%. All films were 
deposited onto a Si   100   substrate with a 100 nm thermally grown 
surface oxide layer rotated at  30 rotations per minute. Prior  to sput- 
tering, the base pressure was <4.0     10−6 Pa, wherein ultra-high purity 
Ar was flowed into the chamber at a rate of 15 standard cubic centi- 
meters per minute while a gate valve adjusted the pumping rate to 
achieve the working gas pressures of either 0.267 Pa, 0.667 Pa, or 1.33 
Pa. Achieving the lowest base pressure as well as ensuring the purity of 
the working gas was done to reduce potential spurious contaminate 

wherein Ms is the biaxial modulus of the substrate, hs and hf are the 
substrate (250 μm) and film thicknesses, respectively, and κ is the 
measured curvature. The product σhf is proportional to the wafer cur- 
vature and is referred to as the stress-thickness product. 

Samples were microstructurally characterized through the plane 
normal, hereafter referred to as plan-view, and through the film cross- 
section. The plan-view samples were prepared by cutting 3 mm diam- 
eter discs, ground down to <100 μm thickness, dimpled to a thickness of 
<10 μm with a Fischione model 200 dimple grinder from the substrate 
side, and ion milled using a Gatan Precision Ion Polishing System until 
perforation holes were created, with the regions around the holes being 
electron transparent, i.e. less than 200 nm thick. The cross sectional 
samples were prepared using a focus ion beam (FIB) milling lift-out 
technique [35] using an FEI Quanta 200 Dual-Beam Scanning Electron 
Microscope (SEM) - FIB. Scanning transmission electron microscopy 
(STEM) analysis was conducted in a 200 keV FEI Tecnai G2 Supertwin 
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TEM. Orientation mapping of the specimens in the plan-view was con- 
ducted using the Nanomegas ASTAR PED system within the TEM at a 
precession angle of 0.3◦ and a step size of 3 nm. Automatic Crystallo- 
graphic Orientation Mapping (ACOM) from the identified diffraction 
patterns was completed through OIM Analysis v7. A multi-iterative 
grain dilation procedure with a minimum grain size of 5 nm and a 
minimum tolerance angle of 5◦ clean-up was applied to each data set 
processed. All calculations were made with a minimum confidence index 
of 0.10. 

For the kinetic modeling, a MatLab® code was developed to deter- 
mine the model parameters from the non-linear least-squares fitting to 
the measured stress-thickness curves. The specific features of the model 
are developed later in the paper. Some of the deposition condition- 
independent parameters were made to be common across all the data 
sets while other parameters expected to vary between deposits were 
allowed to be changed independently. This fitting procedure will be 
further elaborated upon in the discussion section. This approach yielded 
the best possible fits to the experimentally gathered stress-thickness 
data. The fitting parameters were then compared to prior non- 
energetic terms for Ni deposition [32] to determine if the values are 
reasonable and give confidence to the fit. Furthermore, the calculated 
final grain sizes predicted from the model were compared to the 
experimentally measured final grain sizes to further ascertain the ac- 
curacy of the fitted parameters of the model. Note that the grain sizes are 
reported from plan-view PED grain size distributions reconstructed via 
OIM v7. 

3. Results and discussion 
 

3.1. Ambient temperature deposits 

Ambient temperature in situ stress-thickness measurements at 
different pressures and growth rates are displayed in Fig. 1, along with 
the results obtained from the fitting. For the working pressures of 0.67 
Pa and 1.33 Pa, the film retained a tensile behavior throughout the 
deposition and the magnitude of the tensile stress increased as the 
deposition rate increased. At the lower pressure deposition condition of 
0.27 Pa, an initial tensile stress is observed for both deposition rates 
which is attributed to island coalescence before the compressive 
mechanisms dominated the growth behavior. Following the tensile 
peak, the stress-thickness slope (referred to as the incremental stress) is 
negative, indicating that the new layers that are growing are doing so in 
a compressive state. The magnitude of the incremental compressive 
stress is observed to increase slightly as the deposition rate is increased 
from 0.076 nm/s, Fig. 1(a), to 0.250 nm/s, Fig. 1(b), which is seen in 
other sputtered films in the compressive regime [22,36]. At larger 
thicknesses, a minimum is observed, and the subsequent positive slope 
corresponds to a tensile incremental stress. 

The dependence on the deposition pressure can be explained in terms 
of the change in the kinetic energy of the arriving species through 
increasing the number of collisions between the target and substrate. 
Increasing the deposition pressure reduces the arrival energy of the 
sputtered Ni species from 10.4 eV at 0.27 Pa to 1.03 eV at 1.33 Pa 
according to SIMTRA calculations (for input parameters, see Appendix 
A, Table A1. The reduction in the arrival kinetic energy can then result in 
more tensile stress for several reasons. A lower kinetic energy reduces 
the mobility of the adatoms on the surface; therefore, the migration 
ability of such adatoms limits their contribution to the compressive 
stress generation mechanisms in the post-coalescence deposition 
regime. It also reduces the collision-induced grain boundary densifica- 
tion and trapping of particle-induced defects that can lead to compres- 
sive stress [23]. 

The stress-thickness product is not linear with thickness for all 
ambient temperature deposits in Fig. 1. This suggests that grain growth 
occurs during the deposition process itself [32]. The grain size evolution 
was quantified in post-mortem STEM images in cross-section, Fig. 2. 

 

 
Fig. 1. Calculated and experimental stress-thickness curves for Ni deposited at 
ambient temperature (20 ◦C) with deposition rates of (a) 0.076 nm/s and (b) 
0.250 nm/s. Modeled fits to the experimental curves correlate notably better at 
0.67 Pa and 1.33 Pa. 

 
These micrographs additionally suggest significant differences in the 
film growth kinetics as equiaxed (0.27 Pa – 0.076 nm/s; 0.27 Pa – 0.250 
nm/s) and columnar (0.67 Pa – 0.076 nm/s; 0.67 Pa – 0.250 nm/s; 1.33 
Pa – 0.076 nm/s; 0.67 Pa – 0.250 nm/s) morphologies were present and 
generally follow the Thornton zonal microstructure model [20]. The 
STEM micrographs, Fig. 2(b,c,e,f), reveal that the films are not fully 
densified at 0.67 Pa and 1.33 Pa, evident by the darker lines in the 
images where no signal is detected. In addition, the films deposited at 
0.27 Pa reveal drastically different growth kinetics in this cross-sectional 
view, Fig. 2(a,d), which results in clear microstructural differences as 
compared to only being evaluated in the plan-view orientation, Fig. 3. 
Notably, the films deposited at 0.27 Pa, Fig. 2(a,d) are significantly 
smoother at the surface of the film as compared to those films deposited 
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Fig. 2. STEM micrographs of  the ambient  deposited 
Ni films in cross-section (a) 0.27 Pa / 0.076 nm/s in 
which small equiaxed grains  are observed; (b) 0.67 
Pa / 0.076 nm/s in which grains exhibit zone T 
growth with fissures between the grains; (c) 1.33 Pa / 
0.076 nm/s in which grains exhibit zone T growth 
with fissures between the grains; (d) 0.27 Pa / 0.250 
nm/s in which the smaller grains are equiaxed; (e) 
0.67 Pa / 0.250 nm/s in which grains exhibit zone T 
growth with fissures between the grains; (f) 1.33 Pa / 
0.250 n/m/s in which grains exhibit zone T growth 
with fissures between the grains. White arrows are 
drawn to aid in identification of some specific grains 
and fissure features. 

 
 
 
 
 
 
 

Fig. 3. TEM BF micrographs and orientation maps of the ambient temperature deposited Ni films in plan-view. (a) 0.27 Pa / 0.076 nm/s in which a bimodal 
distribution of grain sizes is observed; (b) 0.67 Pa / 0.076 nm/s in which grains are uniform in size and distribution with fissures (bright contrast) between the grains 
observed; (c) 1.33 Pa / 0.076 nm/s in which grains are uniform in size and distribution with fissures between the grains observed; (d) 0.27 Pa / 0.250 nm/s in which 
a bimodal distribution of grain sizes is between the grains observed; (e) 0.67 Pa / 0.250 nm/s in which grains are uniform in size and distribution with fissures (bright 
contrast) between the grains observed; (f) 1.33 Pa / 0.250 nm/s in which grains are uniform in size and distribution with fissures (bright contrast) between the 
grains observed. 

 

at 0.67 Pa or 1.33 Pa, Fig. 2(b,d,e,f). These surface topologies can be 
contributed to differences in interfacial energies such as the free surface 
(during or post deposition) to the columnar grain boundary energy. 

Bright field (BF) TEM micrographs in the plan-view orientation 
confirm the presence of fissures between the grains at the elevated 
working pressures, Fig. 3(b,c,e,f). A fissure is defined as a linear voided 
region within the film’s microstructure. This fissuring has previously 
been observed  in magnetron sputter deposited Ni thin films between 
1.33 and 2.66 Pa and at low sputtering powers. Their formation was 
attributed to both the high scattering interaction between the Ar and Ni 
species and the limited mobility of the Ni adatoms [29]. As discussed in 
the introduction, such grain-to-grain gaps creates a condition for tensile 
stress generation as the separated regions ‘stretch’ towards each other to 
eliminate the free surface and the associated surface energy penalty. 
Furthermore, a lack of densification also confirms the low adatom 
mobility that contributes to the tensile stress condition. Between 0.67 Pa 
and 1.33 Pa, no significant changes in the average grain size or grain size 
distribution are readily observed by BF TEM imaging. The BF micro- 
graphs also reveal a bimodal grain size distribution in films deposited at 
0.27 Pa. Qualitatively, a change in the grain texture characteristic is 
observed across the range of films, changing from a moderate 111 
texture at 0.27 Pa to a weak 110 texture at 1.33 Pa irrespective of 
deposition rate. Supplementary pole figures are provided in Appendix A, 

Fig. A1. While such a change in texture can contribute to stress evolu- 
tion, the elastic constants in these two orientations are relatively similar 
[37] and considered to be a less significant influence on the stress 
evolution as compared to other microstructural features, such as grain 
size, that will be discussed in Section 3.3 where the stress data is fitted to 
a kinetic model. 

Experimental quantification of the final grain sizes present in these 
films is displayed via the cumulative area fraction plots, Fig. 4, where 
the grain sizes were gathered from the PED plan-view orientation 
mapping. These cumulative area fraction plots reveal drastically 
different grain size distributions between the films deposited at 0.27 Pa 
and those deposited at 0.67 Pa or 1.33 Pa. The number of grains counted, 
which exceeds thousands, for each deposition is tabulated in beneath the 
cumulative area fraction plot and gives confidence that Fig. 4 is an ac- 
curate representation of the grain size distributions for these deposits. 
Returning to the stress-thickness curves in Fig. 1, the significant upward 
concavity observed in the 0.27 Pa deposits is likely tied to grain growth 
in those films during deposition, evident by such different grain sizes in 
the same deposit. 

 
3.2. Elevated temperature deposits 

In conjunction with the influence of the working pressure on the 



T.R. Koenig et al. Surface & Coatings Technology 412 (2021) 126973 

5 

 

 

 

 
Fig. 4. Plan-view cumulative area fraction grain size distribution plots of Ni films gathered by PED for all films deposited at ambient temperature and 200 nm 
thickness. The number of grains counted for each process is provided below the plot. 

 
ambient temperature deposited microstructure and stress-thickness 
product, the effect of elevating the substrate temperature was also 
examined. The aim of this was to reduce the fissuring noted at the 
ambient temperature deposition while still maintaining a sufficiently 
low homologous temperature to yield an equiaxed, nanocrystalline 
grain morphology and allow the films to largely remain in the same 
Thornton zonal regions. The in situ stress thickness measurements are 
displayed in Fig. 5 for the films deposited at 0.67 Pa and 20 ◦C (ambient 
temperature), 100 ◦C, and 200 ◦C. Films deposited at 0.076 nm/s display 
no significant difference between 20 ◦C and 100 ◦C in their stress- 
thickness characteristic and retain a tensile stress state; at 200 ◦C the 
film grows in a compressive stress state. This is believed to be a result of 
the increased mobility of adatoms on the surface that enabled densifi- 
cation of the film. 

For the films deposited at the higher rate of 0.250 nm/s, even with a 
warmer substrate, all deposits exhibited a tensile stress-thickness prod- 
uct. This reveals a growth rate dependence of the stress-thickness 
product similar to the deposits at ambient temperature   shown   in 
Fig. 1. Interestingly, the stress-thickness product indicates that the stress 
is more tensile at 100 ◦C than at 20 ◦C at this deposition rate. This goes 
against the expected trend that stress becomes more compressive at 
higher temperatures. This response will be further elaborated upon and 
understood by the competing balance between multiple temperature- 
dependent stress mechanisms discussed in detail in the kinetic 
modeling Section 3.3 below. Further increasing the temperature to 
200 ◦C reverses this behavior to a lower tensile stress-thickness state 
than that measured at 20 ◦C. 

The dependence of the grain size on the processing conditions 
(temperature and growth rate) is seen in the plan-view orientation TEM 
micrographs of Fig. 6. The increased grain size yields a lower grain 
boundary area fraction, thus increasing the migration distance of the 
adatom species into the grain boundaries and less collective boundary 
area to ‘stretch’ towards. Thus, a complex interaction appears to result 
from increasing the substrate temperature during deposition. Adatom 
mobility is enhanced by the increase in substrate temperature and as 
grain growth occurs, the area fraction of grain boundaries is reduced 
altering the various mechanisms responsible for tensile stress generation 
(i.e., mobility and available surface area fraction per volume for ‘elastic 
stretching’). The mosaic of texture colors in the inverse pole figures of 
Fig. 6 as a function of temperature does not suggest a notable change in 
texture evolution as previously observed with pressure in Fig. 3. The 
pole figures for these particular films are found in the Appendix, Fig. A2. 

For films deposited at 0.076 nm/s between 20 ◦C and 100 ◦C, only a 
small amount of  grain growth is observed,  Fig. 6(a,b), with  a distinct 

 
change in the microstructure as noted in terms of the fissure gaps be- 
tween the grains. Determination of the fissure fractional area by its 
accumulated area fraction over the entire area imaged observed that the 
fissuring width corresponded slightly with differences in the fissure area 
density between these 0.076 nm/s deposits, decreasing from 10.0% of 
the total area imaged (20 ◦C) to 8.8% of the total area imaged (100 ◦C), 
or a decrease of 12% fissure density between the specimens. An increase 
in fissuring area fraction would yield a higher contribution of tensile 
stress. Similarly at 0.250 nm/s, no significant change in fissure area 
density is observed between 20 ◦C (15.6%) and 100 ◦C (15.9%), Fig. 6(d, 
e), which corresponds to only a 2% increase in fissure density between 
these deposits. This would imply that the contribution of stress associ- 
ated with the termination of these fissures is less significant than in those 
films deposited at 0.076 nm/s. This aids in explaining the increased 
tensile stress-thickness product observed between 20 ◦C and 100 ◦C at 
0.250 nm/s while maintaining consistency with those films deposited at 
0.076 nm/s. 

At a deposition rate of 0.250 nm/s and 200 ◦C, grain growth occurs, 
Fig. 6(f), but appears to be incapable of completely densifying the film. 
Comparatively, at a lower deposition rate of 0.076 nm/s, the grains grow 
appreciably and completely densifies the film, Fig. 6(c). The stress- 
thickness curve corresponding with this low rate, high temperature 
deposit, Fig. 5(a), displays a compressive growth behavior similar to 
those films deposited at 0.267 Pa, Fig. 1, wherein significant grain 
growth and complete densification is reported, Fig. 2(a,d). 

Intragranular   fissuring   is   verified   in   the   cross-sectional   STEM- 
HAADF image, Fig. 7, wherein complete densification is only observed 
at a deposition rate of 0.076 nm/s at 200 ◦C, Fig. 7(c). Since densifica- 
tion depends on migration of adatom species across the surface of the 
film before the subsequent layer is formed, this would imply that at the 
higher deposition rate, wherein the film layers are rapidly increasing in 
the growth direction, the adatoms have less time to migrate and form a 
dense film. While increasing the temperature promotes adatom 
mobility, the extent of densification is clearly limited if the deposition 
rate increases. Evidently, the grain-growth kinetics clearly vary across 
this range of temperatures, as revealed by the morphological differences 
seen in Fig. 7. Initially the grains grow in a columnar manner without 
the additional substrate heat while subsequent increases in temperature 
broaden these grains, Fig. 7(c), and/or promote V-shaped growth, Fig. 7 
(a,b,d-f). This evolution in zone structure is linked to the general qual- 
itative nature of the Thornton model, where exact zone distinction is not 
necessarily abrupt or strictly defined. Finally, we note a similar varied 
surface topology, except for the 0.076 nm/s and 200 ◦C film where the 
surface was smooth. This was the only film in this grouping where the 
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microstructure coalesced. The roughness noted in the other films would 
be an outcome of varied energy balances between the free surface and 
grain boundaries. 

The cumulative area fraction grain size distributions for the 
substrate-heated series of films taken in the plan-view via PED are dis- 
played in Fig. 8, with the total count of grains tabulated below it. 
Reviewing the grain sizes from left to right in this figure, a trend can be 
gleaned with dependency on both substrate temperature and deposition 
rate. An increase in temperature yields an increase in grain size in both 
the low and high-deposition rate conditions. However, the impact of this 
effect is magnified at the lower deposition rate, wherein the surface 
adatoms are allowed more time to diffuse and fill intergranular voids 
before a new surface layer forms, which is supported by the qualitative 
change in fissuring seen in the STEM cross-sections of Fig. 7. 

3.3. Comparison with a kinetic model 

With the stress-thickness products measured and the films’ micro- 
structures quantified, the results are now interpreted and discussed 
through a kinetic model for thin film stress evolution. As alluded to in 
the introduction, the kinetic model for sputter deposited films includes 
energetic conditions during deposition which contribute to the stress 
generation mechanisms [22,23,32]. It is briefly described here, and the 
interested reader is directed to the references for further information. 

The model describes the stress evolution and corresponding change 
in wafer curvature with respect to the film thickness, hf, as the film 
grows. Defining k as the measured curvature normalized by Mshs /6 
enables it to equal to the stress-thickness with the derivative with 
respect to film thickness given by: 
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Fig. 5. Stress-thickness curves and kinetic model fits for Ni deposited at 0.67 Pa 
at substrate temperatures of 20 ◦C, 100 ◦C, and 200 ◦C, and deposition rates of 
(a) 0.076 nm/s and (b) 0.250 nm/s. 

The first brace {(σc …}, term (I), in eq. (2) corresponds to stress 
generating processes that occur at the grain boundaries due to non- 
energetic deposition processes, i.e., kinetic growth. Here, R is the film 
growth rate and L refers to the grain size at the surface of the film while 
MfΔa is the product of the biaxial modulus of the film and the width of 
the grain boundary. σc is the compressive stress due to elevation of the 
chemical potential on the surface during deposition, σT,0 describes the 
tensile stress due to island coalescence at the grain size of Lref. For other 
grain sizes, the tensile stress is adjusted by (Lref;/L)½. In order to include 
the temperature dependence, the term βD is parameterized as (1/kT) 
(βD)0 exp(−EA/kT), where k is Boltzmann’s constant, T is the substrate 
temperature, EA is the activation energy, and βD is a kinetic parameter 
describing the growth rate dependence for the transition between tensile 
and compressive stress. 

The second brace {MfΔa …}, term (II), includes the potential effect of 
grain growth within the film during deposition. The grain size at the 
surface and the film/substrate interface are assumed to change linearly 
with the film thickness at potentially different rates. The grain size at the 
surface is given by L0 + α2hf and the grain size at the film substrate 
interface is L0      α1hf. The grain size at other depths in the film is 
assumed to change linearly between these values from the bottom to the 
top. The grain growth parameters (Lo, α1, and α2) are determined by 
fitting the data to the model. Controlling the relationship between α1 
and α2 enables the different types of microstructural evolution in the 
Thornton model [20] to be modeled, i.e., α1      0 for zone T and α1      α2 
for zones 1 and 2. 

The next two braces, {Ao(l/L)} and {(1-(l/L))…}, terms (III) and (IV) 
respectively, are intended to model energetic particle effects during 
sputter deposition. Term (III) represents stress-inducing densification 
near the grain boundary and term (IV) models the stress induced by 
defect generation and trapping in the film. τs is the characteristic time it 
takes for a defect created at depth l to diffuse with a rate Di to the surface. 
While the experimental stress measurement is a collective response, 
term (IV) assists in deconvoluting the defect stress contributions be- 
tween the grain interior and grain boundaries from the aforementioned 
mechanisms discussed in the introduction. For example, the stress from 
‘atomic peening’ that is created from the momentum transfer of arriving 
energetic particles can create defects in either the bulk of the film and/or 
at the grain boundaries which would be captured by this term. In order 
to reduce the number of free parameters, Ao, the parameter describing 
densification stress, Bo, the defect trapping stress contribution, and l, the 
implantation depth of energetic particles, are assumed to depend line- 
arly on the pressure above a critical value P0. Therefore, for each pres- 
sure we use Ao = A*(1-P/Po) so that there is only one parameter, A*, for 
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Fig. 6. TEM bright field micrographs and orientation maps of Ni films in plan-view deposited at 0.67 Pa and (a) 20 ◦C / 0.076 nm/s in which grains are uniform in 
size and distribution with fissures observed (bright contrast); (b) 100 ◦C / 0.076 nm/s in which grains are uniform in size and distribution with finer fissures (bright 
contrast) between the grains observed; (c) 200 ◦C/0.076 nm/s in which no fissures are observed and average grain size is significantly increased; (d) 20 ◦C/0.250 
nm/s nm/s in which grains are uniform in size and distribution with fissures (bright contrast) between the grains observed; (e) 100 ◦C / 0.250 nm/s in which grains 
are uniform in size and distribution with finer fissures (bright contrast) between the grains observed; (f) 200 ◦C / 0.250 nm/s in which grains are slightly large, 
uniform in size and distribution, with fissures between the grains observed.(10%) (8.8%). 

 
Fig. 7. STEM micrographs of Ni films in cross-section 
deposited at 0.67 Pa and (a) 20 ◦C/0.076 nm/s in 
which  grains  exhibit  zone  T  growth  with  fissures 
observed; (b) 100 ◦C/0.076 nm/s in which grains 
exhibit  zone  T  growth  with  fissures  between  the 
grains is observed; (c) 200 ◦C / 0.076 nm/s in which 
grains exhibit zone T growth; (d) 20 ◦C / 0.250 nm/s 
in which grains exhibit zone T growth with fissures 
between the grains; (e) 100 ◦C / 0.250 nm/s in which 
grains exhibit zone T growth with finer fissures be- 
tween the grains; (f) 200 ◦C / 0.250 nm/s in which 
grains exhibit zone T growth morphologies with fis- 
sures between the grains. White arrows are drawn to 
aid in identification of some specific grains and their 
features. 

 
 
 
 
 

multiple pressures (and similarly for B* and l*). This dramatically re- 
duces the number of fitting parameters that need to be considered. 

The model in Eq. (2) is integrated over the thickness to obtain the 
curvature vs. thickness for comparison to the experimental measure- 
ments. A non-linear least squares fitting procedure produces a set of 
kinetic parameters that minimize the residual between the calculation 
and the data. The range from 20 to 200 nm is evaluated as we consider 
only the region where the film is continuous (i.e., post-coalescence). 

It is important to note that each data set was not fit separately with a 
different set of parameters. Since some parameters should be the same 
for all the data, multiple sets of data were fitted at the same time and 
some parameters were set to be common to all the data sets while others 
were allowed to vary independently for each set. To that end, the fitting 
parameters σT,25nm, (βD)0, EA, MfΔa, P0, A*, B* and l* were made to be 
common for all the data sets with their results tabulated in Table 1 with 
the value of the tensile stress given in this table being for a reference 
grain size of 25 nm, corresponding to the post-coalescence regime. The 
remaining parameters (σC, Di, L0, α1, α2) were allowed to vary for each of 

the measurements made at the different growth rates, pressures, and 
temperatures, as described earlier. These are reported in Table 2. Fig. 9 
shows the individual contributions of the four terms in Eq. (2) so that 
one can see their relative contributions to the total stress fit shown for 
either Fig. 1 or Fig. 5. 

For comparison, the second row of Table 1 tabulates the parameters 
for Ni stress deposited under non-energetic conditions [38]. Comparing 
the same parameters between energetic and non-energetic conditions, 
one can note that they are similar which suggests that the non-energetic 
growth processes leading to stress are similar for either evaporation or 
sputter deposition. 

The dependence of σC on T and R for the sputtered Ni can be seen in 
Table 2. The dependence of σC on the growth parameters is difficult to 
determine precisely from the small range studied. However, the pa- 
rameters fall within the same range as those obtained for evaporated Ni, 
suggesting that the degree of supersaturation leading to compressive 
stress is similar for both cases. 

From Table 2, we also note the growth zone factor values of α1 and 
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Fig. 8. Plan-view cumulative area fraction grain size distribution plots of 200 nm thick Ni films deposited at 0.67 Pa gathered by PED. An increase in average grain 
size is observed as the substrate is heated, with its influence more prevalent at lower deposition rates. The number of grains counted for each process is provided 
below the plot. 

 
 

Table 1 
Common fitting parameters determined from fitting the kinetic model to sputter deposited Ni from this work and those from an e-beam evaporated Ni film calculated at 
a reference grain size of 25 nm [32]. 

Common parameters σT,25nm (GPa) (βD)0 
(nm2/s) 

EA 
(eV) 

MfΔa 
(GPa*nm) 

P0 
(Pa) 

A* (GPa) B* (GPa) l* 
(nm) 

Sputtered Ni 1.01 1.60 0.101 31.0 2.28 −2.60 −6.77 2.11 
Evaporated Ni 1.57 2.62 0.117 26.1 N/A N/A N/A N/A 

Table 2 
Parameters permitted to vary across specimens in fitting a kinetic model to experimental data presented. Note that for the 0.25 nm/s / 0.27 Pa film, the standard 
deviation is larger than the average; this is a result of the large bimodal grain size distribution in this sample and clearly for the smaller grain sizes, any negative value is 
unphysical. Nevertheless, the use of an experimental average grain size provides for a direct comparison to the singular grain size outputted from the fit to the kinetic 
model. 

Deposition condition σC (GPa) Di (nm2/s) α1 α2 Calculated surface grain size 

at hf = 200 nm (nm) 
Measured Avg. grain size 
at hf = 200 nm (nm) 

0.250 nm/s 0.67 Pa, 
RT 

0.250 nm/s 0.67 Pa, 
100 ◦C 

0.250 nm/s 0.67 Pa, 
200 ◦C 

0.076 nm/s 0.67 Pa, 
RT 

0.076 nm/s 0.67 Pa, 
100 ◦C 

0.076 nm/s 0.67 Pa, 
200 ◦C 

0.250 nm/s 0.27 Pa, 
RT 

0.250 nm/s 1.33 Pa, 
RT 

0.076 nm/s 0.27 Pa, 
RT 

0.076 nm/s 1.33 Pa, 
RT 

−0.195 1.73 0.0409 0.1265 28 25 ± 13 

−0.923 2.30 0.0689 0.1610 34 30 ± 15 

−2.20 4.65 0.0918 0.1957 40 37 ± 20 

−1.67 0.876 0.0777 0.1320 28 26 ± 13 

−1.33 1.64 0.0987 0.1739 36 38 ± 20 

−1.29 3.00 0.0998 0.4678 89 104 ± 61 

−1.62 6.91 0.0054 0.0696 19 154 ± 273 

−3.81 0.879 0.0589 0.1150 24 22 ± 11 

−0.0094 9.94 0.0060 0.0425 10 370 ± 290 

−1.77 0.343 0.0756 0.1228 26 24 ± 13 
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Fig. 9. Stress-thickness plots detailing the contributions to the calculated stress-thickness product from I (kinetic growth/blue curve with filled circle), II (grain 
growth/green curve with open circle), III (stress  densification/purple  curve  with  filled  triangle),  and  IV  (defect  trapping/orange  curve  with  open  trian- 
gle) mechanisms. 
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α2. Since α1 ≈ 0, this would favor a Zone T growth behavior [17]. Based 
on the processing conditions used, Tm 0.17 at 0.67 Pa or 1.33 Pa, the 
films are predicted to fall on the border of Zone 1 and Zone T, which was 
consistent with the microstructural features captured in the cross- 
sectional STEM images of Fig. 2. The films are not fully densified at 
either 0.67 Pa or 1.33 Pa, evident by the darker lines in the STEM images 
(i.e., no signal detected). These intergranular fissures are expected to 
occur in the Zone 1 growth regime. Nevertheless, the grains also 
maintain the V-shaped blossoming associated with Zone T, which 
matches the kinetic model prediction. Of these films, the 0.27 Pa 
deposition was the exception in that it did not reveal a clear columnar or 
V-shape structure in cross-section. This will be addressed further below 
with respect to its bimodal grain size distribution. 

The value of Di, produced by the fitting with values tabulated in 
Table 2 is different for each temperature and is explained by an Arrhe- 
nius temperature-dependence with an activation energy of 0.073 ± 
0.012 eV. The value of Di also depends inversely on the grain size, which 
suggests that grain boundary diffusion may play a greater role in defect 
transport when the grain size becomes ever smaller. Furthermore, the 
growth stress is generally expected to become less tensile at higher 
temperatures because of the higher mobility of adatoms on the surface. 
However, as noted above, the film deposited at 100 ◦C is significantly 
more tensile than at ambient temperature for the 0.250 nm/s growth 
rate, Fig. 5. The fitting parameters, Table 2, suggest that this can be 
partially attributed to the temperature dependence of Di, which corre- 
sponds to higher defect diffusivity at higher temperatures. An increase in 
the diffusivity promotes the escape of ion-induced defects which reduces 
the compressive stress. In addition, faster grain growth kinetics at higher 
temperature can facilitate more tensile stress generation. At 200 ◦C, this 
trend reverses and the stress becomes more compressive. According to 
the fitting parameters, Table 2, this is because the stress associated with 
non-energetic growth processes becomes more compressive with 
increasing temperature. 

The dependence of the stress evolution on the growth conditions and 
microstructural evolution is clearly complex, so use of the kinetic model 
to aid interpretation is helpful in explaining observed trends. The indi- 
vidual contributions of the terms in the model to the fitting are shown 
for each data set in Fig. 9. The total model fit is plotted as the unfilled red 
squares for comparison to the filled black squares for measured stress- 
thickness. The other curves correspond to the different terms in the 
model in Eq. (2). The contribution of the non-energetic growth term (I) 
is shown in blue circles (labelled kinetic growth). The contribution of the 
grain growth term (II) is shown in green circles (labelled grain growth). 
The two contributions of the energetic growth (III and IV) are shown in 
purple triangles (labelled stress densification) and orange triangles 
(labelled defect trapping). 

Using Fig. 9, we can ascertain which contributions (non-energetic vs. 
energetic) contribute more or less to the overall stress evolution. In 
general, lower pressure is associated with higher energies for the 
incoming adatoms and leads to more compressive stress. This is seen in 
the more compressive stress for films deposited at the lowest pressure 
(0.27 Pa) for both growth rates, where the stress densification (purple 
curve) dominates, Fig. 9(a,b). With an increasing deposition rate at these 
pressures, we do note the additional contribution of the defect trapping 
(orange curve) becomes more compressive while the grain growth 
(green) and kinetic growth (blue) are both tensile but invert in their 
absolute value contributions to the overall stress evolution. 

In general, the stress becomes less dependent on the pressure at 
higher pressures. This is primarily attributed to the fact that the energy 
of the particles decreases as the pressure increases so that their energetic 
contributions to the stress become less significant. An exception is seen 
for the growth rate of 0.250 nm/s at ambient temperature, where the 
stress is actually slightly more tensile for 0.67 Pa than it is for 1.33 Pa. 
The fitting parameters suggest this is because of an increase in the grain 
growth-induced tensile stress that compensates for the change in the 
sputter-induced compressive stress with pressure. This illustrates 

applicability of the model to elucidate the underlying mechanisms’ 
contributions to how the stress evolves. 

Finally, the grain size at the surface is another parameter that can be 
compared between the experimentally measured values and the results 
obtained from the fitting. The values obtained from the fitting and the 
measurement are shown in Table 2 columns six and seven respectively. 
The results are very similar with the notable exceptions of the ambient 
temperature depositions at 0.27 Pa, which is further discussed below. 

The measured average surface grain size is plotted relative to the 
predicted size from the fitting at 200 nm in Fig. 10. Leaving out the 
anomalous results at 0.27 Pa, we see a linear correlation of >99% be- 
tween the two sets of parameters. This provides further confidence in the 
model’s ability to extract stress contribution values (as discussed above 
for the non-energetic terms) and microstructural values (grain size) that 
contributes to the stress. 

The large difference between the measured grain size and the fitting 
at 0.27 Pa can be explained by looking more closely at the measured 
grain size distribution in these films. Unlike the other films, which have 
a relatively uniform grain size, the grain size distribution in these two 
films is bimodal with many large grains. In comparison, the model as- 
sumes a singular grain size. Therefore, reporting grain size results by 
fitting to the model may not be as reliable when grain sizes distributions 
diverge significantly. Interestingly, the model is able to do a reasonable 
job of fitting the stress-thickness evolution for these two films, Fig. 1, 
even though the grain size parameter may not be correct. This supports 
that representative characterization of grain sizes should be done in 
conjunction with any model fitting. The fact that the fitting parameter is 
much smaller than the average measured grain size may suggest that the 
small grains dominate in the development of the stress. However, the 
grain size distribution for these two outliers may also provide some 
contribution that is not yet captured in the current model. 

Though the fittings to the model add insight to the underlying 
mechanisms responsible for the stress evolution, we emphasize that 
different sets of parameters than those shown here could, in principle, 
yield reasonable fits too. Furthermore, the lack of capturing texture 
evolution effects as well as surface topology evolution (rough vs. smooth 
surfaces) are not yet included factors within the kinetic model but offer 
potential, future modifications. Therefore, the model should be used to 
suggest trends in the stress evolution and guide the extent of each 
mechanism used in the model in interpreting the data even if the ab- 
solute value may not be exact. The use of other means of deposition, 
such as a comparison with non-energetic contributions using non- 
energetic deposition measurements, as well as correlation of predicted 
grain sizes to measured grain sizes, can provide confidence that the fits 
are reasonable such that energetic contributions, and their associated 
values, are accurate representations in their contributions. 

 
 

Fig. 10.  Correlation of the measured and calculated grain sizes. Note that the 
0.27 Pa deposits are outliers and are excluded in plotting the linear correlation. 
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4. Conclusions 

A series of Ni thin films have been sputter deposited onto a thermally 
grown amorphous silica surface present on Si substrates across an array 
of deposition rates, working pressures, and substrate temperatures. 
Films deposited at the ambient temperature at 0.27 Pa had a bimodal 
grain size distribution across a wide range of 20–800 nm. In contrast, 
films deposited at 0.67 Pa and 1.33 Pa maintained a narrow nano- 
crystalline grain size structure but with incomplete densification be- 
tween the grain boundaries evident by fissures. These microstructural 
differences contributed to the stress-thickness product evolution, with 
trends demonstrating an increase in tensile stress responses with 
pressure. 

Films deposited at elevated temperatures, 100 ◦C and 200 ◦C, at 0.67 
Pa, revealed an increase in film densification by enhancing the adatom 
mobility at the expense of grain growth. These films lie on the border 
between Zone 1 and Zone T in the Thornton model which was observed 
by the cross-sectional electron microscopy imaging. 

Using both the microstructural quantification and the stress mea- 
surements, a kinetic model for stress-thickness evolution was employed 
to assist with relating the stress-thickness product with the microstruc- 
tural development. Fitting the model to the experimental data was able 
to reproduce the dependence of the stress evolution on temperature and 
growth rate. The parameters corresponding to non-energetic stress- 
generating processes in the model are similar to those reported from 
analysis of non-energetic using evaporation. This suggests that the non- 
energetic processes are similar for both sputtering and evaporation. The 
model also provided a predicted grain size, which matched well for all 
deposition conditions to the experimental measurement of the final 
grain size except for the ambient temperature, 0.27 Pa deposition. Here, 
the experimental grain sizes distribution was bimodal. The current 
model’s ability to use only a single value for grain size contributes to the 
deviation of the fit to the experimental value; nevertheless, it was still 

sufficient to still capture the stress evolution trend. This paper provides 
furthers insights into Ni’s stress evolution under sputter deposition as 
well as the use of a kinetic model to understand the various contribu- 
tions to such stress. 
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Appendix A.   Pole figures from planview PED data and SIMTRA modeling constraint data 

 
 

Table A1 
Inputs and constraints applied to SIMTRA [39] for calculating the average arrival energy of Ni species on a planar substrate. 

SIMTRA parameter Input value 

Chamber length (m) 0.33 
Chamber radius (m) 0.33 
Chamber temperature (K) 300 
Number of particles 876,000 
Target element Ni 
Target shape Planar 
Target thickness (m) 0.00635 
Target radius (m) 0.0254 
Throw distance (m) 0.16 
Substrate diameter (m) 0.0254 
Racetrack type racetrackGent 
Angular distribution C_1 = 1; else 0 
Interaction potential Moliere 
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Fig. A1. PFs produced from PED data gathered in plan-view of 200 nm thick Ni films deposited at (a)–(c) 0.076 nm/s and (d)–(f) 0.250 nm/s. (a,d) 0.27 Pa which 
displays a strong <111> texture, (b,e) 0.67 Pa which displays a weak <110> texture, and (c,f) 1.33 Pa which displays a weak <110> texture. 

 
 
 

Fig. A2. PFs produced from PED data gathered in plan-view of 200 nm thick Ni films deposited at 0.67 Pa and (a)–(c) 0.076 nm/s and (d)–(f) 0.250 nm/s. (a,d) 
Room temperature deposits which displays a weak <110> texture; (b,e) 100 ◦C which displays no significant preference in texture; and (c,f) 200 ◦C which displays a 
weak <111> texture. 
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