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A B S T R A C T

The growth rate and pressure dependence on the intrinsic stress in sputter deposited Cu thin films has been
investigated and compared to a kinetic growth model, which contains both growth and energetic contributions
to stress in its description. Since microstructure also has a strong effect on intrinsic growth stress, we have been
able to systematically control a fixed grain size over multiple growth conditions spanning 0.012 nm/s to 2.4 nm/
s deposition rates and 0.267 Pa to 2.667 Pa pressures using a seed layer prior to film deposition. At high de-
position pressures, the stress became more tensile as the growth rate increased. In the low deposition pressure
regime, the stress became more tensile with increases in deposition rate until a critical cross-over point where
upon further increases in deposition rate resulted in the stress becoming more compressive. This cross-over has
been explained in terms of the energetic contributions to the stress and the intrinsic high mobility of Cu to reveal
this behavior. The fitting parameters and corresponding stress contributions from the kinetic model were ex-
tracted and compared to other films and deposition techniques. Though caution should be used in comparing
absolute values, the kinetic model revealed the correct trends in predicting energetic trapping of defects between
low and high mobility films as well as similar growth stress values, which are independent of energetic con-
tributions, between sputtering and electrodeposition. These results suggest that the kinetic model shows promise
in fitting different materials and deposition techniques intrinsic stress behavior.

1. Introduction

Thin film deposition often results in large intrinsic stresses arising
from the growth process across all deposition techniques [1]. These
stresses can have a significant impact on thin film performance and
reliability and in some cases even alter physical properties [2]. The
presence of either tensile or compressive stress can result in film failures
or reduced performance through delamination, cracking and/or buck-
ling of the film [3,4]. While research in this area has been active for
well over 100 years [5], the advent of in-situ stress measurement
techniques coupled with post-deposition microstructural characteriza-
tion has led to the development of a fundamental understanding of the
mechanisms behind intrinsic stress evolution. These studies have found
a strong correlation between stress and microstructure [6–9] with
tensile stresses generally associated with columnar, fine grained mi-
crostructures that are commonly observed in low atomic mobility films
(denoted as Type 1 by Abermann [10]), while compressive stresses are
associated with denser, high atomic mobility (Type 2) films [10].

When polycrystalline metallic thin films are deposited, depending

on the growth kinetics the films may exhibit pronounced 3D growth
[11] with an accompanying complex multi-stage stress evolution. If the
deposited film consists of high mobility adatoms, a compressive-tensile-
compressive stress evolution is observed. In contrast, low mobility
adatom films exhibit a primary tensile stress evolution behavior. The
initial compressive stress in both cases is believed to originate from
island nucleation on the substrate surface which is attributed to Laplace
pressures that lead to smaller than equilibrium lattice spacing values,
which generate the initial compressive stress [12]. As the film thickens,
a tensile stress will then arise from the islands on the substrate surface
elastically straining to coalesce into a continuous film by forming grain
boundaries with neighboring islands to reduce their surface area
[13,14]. Low mobility metals will continue to exhibit this tensile stress
as the film thickens through continued grain boundary formation and
the associated tensile straining mechanism. For high mobility metals, a
secondary post-coalescence compressive stress will occur after tensile
growth whose origins have several proposed mechanisms. These in-
clude pre-coalescence compressive stress inheritance [12], capillary
effects [15], excess adatoms generating stress on the surface [16], and

https://doi.org/10.1016/j.surfcoat.2018.10.059
Received 12 May 2018; Received in revised form 19 October 2018; Accepted 22 October 2018

⁎ Corresponding author.
E-mail address: gthompson@eng.ua.edu (G.B. Thompson).

Surface & Coatings Technology 357 (2019) 939–946

Available online 27 October 2018
0257-8972/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/02578972
https://www.elsevier.com/locate/surfcoat
https://doi.org/10.1016/j.surfcoat.2018.10.059
https://doi.org/10.1016/j.surfcoat.2018.10.059
mailto:gthompson@eng.ua.edu
https://doi.org/10.1016/j.surfcoat.2018.10.059
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfcoat.2018.10.059&domain=pdf


insertion of excess adatoms onto film ledges [17] or into grain
boundaries [18]. The understanding of this stress evolution is further
compounded by the wide number of deposition techniques used to
produce thin films. Techniques with high-energy particles such as
sputtering, ion-beam assisted deposition and pulsed laser deposition
can result in stress modification from energetic bombardments con-
tributions (referred to as ion peening) during film growth. This can
promote atomic rearrangements, dislocation generation, and/or grain
boundary densification [19,20]. Such mechanisms often result in low
mobility films exhibiting compressive stresses under high-energy de-
position conditions. Low energy techniques, such as electrodeposition
and evaporation, do not have these energetic contributions and the
stress is primarily linked to growth and intrinsic material properties
such as diffusivity.

To alter the intrinsic stress behavior, the deposition parameters of
temperature [21], rate [22], and pressure [23] are typically adjusted.
From these variations, several general trends have emerged. As the
deposition temperature is increased, the mobility of the deposited
atoms also increases. For low mobility films, this can result in a tran-
sition from tensile to compressive growth [21]. In higher mobility films,
increases in temperature, which trigger grain growth during deposition,
lead to transitions from compressive to tensile stresses [6]. With
changes in growth rates, a higher deposition rate for a low mobility film
will increase the tensile stress whereas a lower deposition rate for a
high mobility film will lead to even larger compressive stresses [22]. As
one increases the deposition pressure, the mean free path of the de-
position species is decreased. For energetic based deposition techni-
ques, reducing the arrival energy results in a reduction in the associated
energetic stress generating mechanism's contribution to the film's stress
state. This results in the film shifting towards a tensile stress with in-
creasing pressure.

Clearly, a range of different stress states can form as a function of
materials type and how it is deposited. This explains the variations in
stresses that have been reported. For example, sputtered Mo can be
highly compressive, ≈−2.4 GPa, to highly tensile, ≈+3.5 GPa [24].
Similarly, electrodeposited Ni has a reported range of stresses from
≈−60MPa to ≈+400MPa [25]. In order to relate this type of film
stress variation as a function of processing conditions, a kinetic model
has been proposed [26,27]. The model bases its stress generation by the
events occurring at the grain boundaries as the film grows. To date,
there has only been one self-contained study of different process vari-
ables (for energetic deposition) that has yielded a sufficient database
that can be collectively compared to this model. This was done for a low
mobility Mo film [27]. Here, this approach is expanded to a higher
mobility film, Cu, over a much wider parametric range of experimental
data points to test the kinetic model.

2. Kinetic model of thin film stress evolution

The equations of the model, which will be described in further detail
below, are divided into two parts - a term for the stress from the film
growth and two terms associated with stress effects from energetic
growth mechanisms, which are additive. The model equations depend
upon the kinetic parameters of growth including the effective diffu-
sivity (D), growth rate (R), and grain size (L) with the deposition
pressure (P) effects associated with the energetic contributions.

We will first consider the tensile contributing mechanism in the
kinetic model. This mechanism, originally proposed by Hoffman [13],
is based on the concept that the surface energy of two adjacent islands
will be lowered through the creation of a grain boundary. If this event
occurs, this new grain boundary reduces the free surface area of each
individual island at the expense of the elastic strain necessary to close
the spatial gap between the two islands. As long as the reduction in
interfacial energy is larger than the strain energy, coalescence will
occur. Thus, tensile stress generation will have a 1/L1/2 dependence,
where L is the grain size. This relationship then predicts larger tensile

stresses with smaller grain sizes because of the increased interfacial
area, which has been noted experimentally [14,28]. Building upon this
idea, the kinetic model by Chason [26,27] suggested that the gap
closing between these islands would occur through a layer-by-layer
coalescence process rather than a simultaneous closing of the gap as
proposed by Hoffman.

In order to account for the compressive stress generation during
growth, Chason suggested that excess adatoms could be inserting
themselves into the grain boundaries [18]. This insertion is driven by a
super saturation of adatoms on the surface created by the deposition
flux. This flux would increase the chemical potential on the surface that
would then drive the adatoms into the grain boundaries creating a
compressive stress mechanisms. Upon ceasing deposition, the adatoms
would then migrate out from the boundaries resulting in a stress re-
laxation, which is what is experimentally observed [29].

Using these two mechanisms, the total stress in the film (during non-
energetic growth) can be accounted for as the balance between each
mechanism, if the films are fully coalesced. This is described as

= + − −σ σ σ σ e( )growth C T C
βD
RL (1)

where σT and σC are the tensile and compressive stresses respectively.
The exponent term captures the growth rate, R, the grain size, L, the
effective diffusivity of atoms, D, from the surface into the grain
boundary, and a parameter, β, depending on the concentration of mo-
bile defects and mechanical properties of the layer. Thus, changing R, L,
and D can result in a shift in the observed stress state of the film. For
example, when βD

RL
≪ 1 the incremental stress is tensile because there is

little time for excess adatoms to diffuse into the grain boundaries,
whereas for the opposite conditions, βD

RL
≫ 1, a compressive incremental

stress results because the adatoms have sufficient time to diffuse into
the grain boundaries.

This equation has been shown to be successful in describing non-
energetic growth such as evaporation and electrodeposition [7,30].
However, for energetic deposition, like sputtering, this equation re-
quires modification to account for collision-induced densification, or
peening, of the film near the grain boundaries and the incorporation of
microstructural defects into the bulk of the film. For collision-induced
densification at the grain boundaries, which creates a compressive
stress, the kinetic model assumes a relative range, l, for this effect.
When an energetic particle hits within this range, it will introduce a
compressive stress in the top most layer of the film which will be re-
lative to the particle's energy [27]. This compressive stress originates
when the atoms are incorporated into favorable sites through ballisti-
cally induced defects [31]. The stress then depends on the number of
defects created per deposited atom given as

= × ⎛
⎝

⎞
⎠

σ A l
Lgb

energetic
0 (2)

where A0 is, an adjustable parameter used to compare the model to
experimental data and will depend on the energy (pressure), growth
rate, and flux of the energetic species. In this work the ratio of the flux,
f, to rate, R, is assumed to be constant so that the energetic flux scales
with the R allowing for one A0 to be used in fitting the data. The l

L
term

will be used to approximate the fraction of energetic particles that in-
duce a stress in the grain boundary region and is only expected to hold
true when L > l, which will be the case for this work.

The second energetic stress generation mechanism is linked to bulk
defect incorporation where the stress from point defects is assumed to
be proportional to the number of defects that are trapped in the bulk
during energetic deposition. This is described as

= ⎛
⎝

− ⎞
⎠

σ l
L

σ C1bulk
energetic

ss0 (3)

where σ0 is the stress due to a single defect, −( )1 l
L accounts for just

the bulk of the film (subtracting out the effect of defects that occur in
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close proximity to the grain boundary), and Css defines the steady-state
concentration of defects in a layer during deposition. Css is specifically
given as

=
+( )

C
c
R

1

1
ss

f

l
Rτ

0

s (4)

with c
R

f0 being the steady state concentration of defects, R is still defined
as the growth rate, and τs the characteristic time for a defect to diffuse
to the surface and be annihilated. To generate a steady state stress value
for energetic deposition, Eqs. (1)–(3) are combined
(σsteadystatesputtering= σgrowth+ σgbenergetic+ σbulkenergetic) to generate a total
stress description below
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Note that σ0Css is now replaced with a constant B0 for ease of fitting
to the experimental data. In this simplified form, the stress in the film is
related to grain size, L, growth rate, R, and pressure (via the Ao and Bo

terms).
While the individual effects of changing either the non-energetic or

the energetic processing parameters are well documented in the lit-
erature, the combined effects and interplay between these two pro-
cesses are not fully linked. Thus, the kinetic model here has the cap-
ability to potentially shed light on these processes by how the
experimental data fit to behavior predicted by the balance of all the
terms in Eq. (5). Nevertheless, the validity of the kinetic model needs to
be confirmed through comparisons with experimental data to check for
its consistency in fitting the correct stress-deposition trends.

Prior comparisons for electrodeposited Cu [25,32] and Ni [7,25]
have shown good agreement using the non-energetic growth portions of
the model, i.e. Eq. (1). As already mentioned above, for low mobility
energetic growth, good agreement has also been shown in sputtered Mo
[27], but was rather limited in parametric space. In particular, low
deposition rates were not explored in this work, we expand the ex-
perimental parametric experimental space and use Cu, a high mobility
adatom, under energetic deposition. To date, there have not been any
holistic processing conditions for these types of films to be compared to
the kinetic model. In addition, Cu is an excellent case study because it is
technically important to several thin film technologies as electrical
connectors, can be produced with an ultrafine grained microstructure at
large scale for nanocrystalline applications [33] and has a database
from electrodeposition from which we can compare to in the framework
of the kinetic model above.

3. Material and methods

The Cu films for the stress measurements were deposited using
balanced magnetron sputtering in an AJA ATC-1500 stainless-steel
chamber. To achieve the desired deposition rate for the specific con-
ditions used in this study, the films were deposited from either a single
2″ diameter Cu target or co-sputtered using two to four 2″ diameter Cu
targets all having a purity of> 99.95%. All of the films were deposited
at ambient temperature onto a Si [100] substrate that had a thermally
grown 100 nm surface oxide. The effect of substrate heating from the
operation of multiple cathodes was noted to be negligible due to the
limited deposition time for the films. Additionally, this is also con-
tributed to a moderately large substrate-to to cathode distance of 16 cm.
The base pressure prior to deposition was<1.33×10−5 Pa, where
ultrahigh purity Ar was flowed at 15 standard cubic centimeters per
minute to 0.267 Pa for the sputtering working gas. An initial 50 nm Cu
“seed” layer was deposited at a rate of 0.12 nm/s to establish a uniform
starting grain morphology and size distribution for every subsequent
different deposition condition. Upon completion of the seed layer from
those growth conditions, the deposition rate and pressure was

immediately changed to one of the following conditions: 0.267 Pa and
0.012 nm/s, 0.12 nm/s, 1.2 nm/s and 2.4 nm/s deposition rates;
1.333 Pa and 0.012 nm/s, 0.12 nm/s and 1.2 nm/s deposition rates; and
2.667 Pa with deposition rates of 0.012 nm/s, 0.12 nm/s and 1 nm/s.
This latter growth will be referred to as the “film” layer. The specific
thicknesses of the film layer were varied between each of the afore-
mentioned deposition conditions depending on the observed changes in
the films' microstructure with increased layer thickness. Attention to
this particular grain size was done to mitigate significant micro-
structural changes from occurring under the new deposition conditions,
where grain growth or voiding can become more prevalent and con-
tribute a microstructural variation effect to the stress response. Under
such conditions, deciphering processing dependent and microstructural
dependent contributions to the stress would be difficult. The growth
rates at each pressure condition were determined using a quartz crystal
microbalance calibrated by comparing measurements with small angle
X-ray reflectivity [34] using an X'Pert Philips X-ray diffractometer
(XRD) operated with a Cu Kα source at 45 kV and 40mA.

All the intrinsic stress measurements were collected in-situ during
film growth using a K-Space Associates® multibeam optical sensor
system (MOS). This unit measures the change in the radius of curvature
of the substrate using a reflected laser beam that is passed through an
etalon creating an array of spots that reflect off of the substrate and are
collected on a charge coupled device camera [35]. The relative dis-
placement between the laser spots in the array is measured and then
used to calculate the average stress in the film via the Stoney equation,

=σt
M t cosα

L
δd
d12f

s s
2

(6)

where Ms is the biaxial modulus of the substrate, ts and tf are the
thickness of the substrate (250 μm) and thin film respectively, α is the
angle of incidence of the laser beam (2°), L is the substrate detector
optic length (88 cm) and δd

d
is the is the differential laser spot spacing on

the detector [36]. The product σtf which is proportional to the mea-
sured curvature is referred to as the stress-thickness. The use of relative
displacement in the array of laser spots makes the measurement in-
sensitive to the vibration generated by the vacuum pumping system. An
average error in the stress measurements for each of the specific de-
position conditions was determined by looking at the variation in the
seed layer measurements, which offered a reasonable estimate con-
sidering multiple, identical deposition condition stress measurements
were made through the course of the entire study.

Samples for microstructural characterization were prepared by a
lift-out technique described elsewhere [37] using a FEI Quanta 200
Dual-Beam SEM-FIB. The transmission electron microscopy (TEM)
samples were prepared in cross section and analyzed using a FEI Tecnai
G2 Supertwin TEM. In addition, orientation mapping of the samples was
performed with the Nanomegas ASTAR system in the TEM using a
precession angle of 2° and a step size of 3 nm to give grain size mea-
surements [38]. Chemical analysis to measure oxygen content in the
films was also performed using atom probe tomography (APT) with
these samples also prepared using a lift-out technique [39]. Oxygen has
been reported to effect the stress responses in Cu film [40]. The APT
specimens were field evaporated in a Cameca local electrode atom
probe (LEAP) 5000 XS using a laser mode with a pulse energy of 50 pJ,
a set-point temperature of 40 K, a detection rate of 0.5% and a pulse
frequency of 333 kHz. Analysis of the atom probe data was performed
in IVAS 3.8.

4. Results & discussion

The in-situ stress measurements for all the deposition conditions are
displayed in Fig. 1. The first 50 nm of growth corresponds to the seed
layer to control the subsequent grain size which will be further elabo-
rated upon below. Each of these ‘seed’ stress thickness product vs
thickness curves is consistent with each other demonstrating good
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reproducibility. After the seed deposition, the growth conditions were
then changed to explore the effects of process on stress evolution.
During this changeover, a small (~1–3 nm) transient region developed
at the start of the film growth, which could be expected considering the
extreme variations in process variables (for some cases) the film un-
derwent from the seed growth conditions. The curves after this tran-
sient were observed to be relatively linear for the length of the sub-
sequent deposition for many of the conditions studied. This linear slope
infers that the film experienced little to no grain growth or micro-
structural change. This was confirmed by cross-sectional TEM images in
Fig. 2. However, we do note, that at the higher-pressures, particularly in
the thicker thicknesses, some curvature in the stress thickness plots do
appear. This is believed to be associated to density changes within the
film created by voiding in the microstructure. This phenomenon is
commonly observed in high-pressure deposition conditions [41] and/or
a dependence of the growth stress on the grain size [6]. We believe it is
likely a voiding issue, evident by the onset of pores within the columnar
grain boundaries near the surface of these films. This is shown by the
white arrows for the 2.667 Pa 1.2 nm/s film's cross section in Fig. 2. For
this reason, we analyzed the stress over film thicknesses of 25 to 50 nm
depending on the magnitude of this effect. Within this thickness range,
a linear growth response, after the initial transient behavior, was ob-
served and provided the consistent data between the process variables

for comparison to the kinetic model.
Besides identification of potential defects in the microstructure,

Fig. 2 also confirmed the continuous microstructure between the seed
and film layers. In these images, it is difficult, if not impossible, to
distinguish the seed layer from the film suggesting that the corre-
sponding film did indeed grow epitaxially on the grains of the seed
layer thereby maintaining the initial microstructural control we re-
quired. Note that the dark region observed at the top of the films in
some samples is an artifact related to Ga damage due to the sample
preparation. To generate a more quantitative picture of the micro-
structure, orientation maps were collected using precession electron
diffraction (PED) with the grain sizes displayed in Table 1. The average
grain size across all the samples was 22.5 ± 4 nm with a range that
spanned 16.7–29.3 nm. In our initial efforts, if we did not use this seed
layer, we observed grain size variations over two orders of magnitude
between the processing conditions. Besides the normal experimental
distributions in grain sizes, the limited cross sectional sampling area
used (typically 150 nm×2 μm) would also contribute to the small size
variations noted. For example, if the sampling area had a single, large
grain in it, this would have a disproportional effect on the final size
distribution. Regardless of these issues – expected experiential variation
and sampling size – the data does demonstrate a reasonably good
control of the film microstructure. As will be shown in the latter fitting

Fig. 1. Stress thickness plots for films deposited at (a) 0.266 Pa (b) 1.33 Pa and (c) 2.66 Pa. Color available online.

Fig. 2. Bright field cross sectional TEM images of the films grown on the seed layer.
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to the kinetic model, a lack of any clear trend with grain size associated
with deposition rate and/or pressure was found furthering supporting
that any grain size variation was not a significant factor on the stress
response.

Besides grain size, oxygen can also influence Cu film stress [40]. To
ensure that the films did not have this potential effect, we performed
APT at the highest deposition pressure where the potential for oxygen
contamination would be the maximum since the highest deposition
pressure would be from the reduced pumping speed in the deposition
chamber as the gate value was nearly closed off. Fig. 3 is the time-of-
flight mass spectrum from the field evaporation as well as the con-
centration profile as a function of film depth, which would quantify
potential oxygen migration through the film as it grew. The results
revealed that the oxygen content was ~0.3 at.% with minimal oxygen
variation through the film depth. This low oxygen content is con-
tributed either from the target itself, the background gas in the
chamber, and/or during the sample transfer between the deposition to
the LEAP chamber (< 24 h). Its low value provides confidence that
oxygen-based effects are negligible in the forthcoming stress results
discussion.

Returning to Fig. 1(a), the stress-thickness evolution at the different
deposition rates for the pressure of 0.267 Pa are plotted. As the de-
position rate increased from 0.012 nm/s to 1.2 nm/s, the steady state

stress (which is the slope of the curve) was observed to decrease (or
become less compressive). With a further increase in the rate to 1.8 nm/
s and then 2.4 nm/s, the steady-state compressive stress then increased
(or became more compressive). This initial decrease in the steady state
stress is consistent with prior work for non-energetic depositions, where
lower deposition rates are associated with larger compressive stresses
[22,42]. The change in the compressive stress at the higher deposition
rates is believed to be associated with the trapping of defects in the bulk
of the film [43–46]. Through our comprehensive span of deposition
rates, within one study, both effects are captured. Upon looking at the
higher deposition pressures of 1.333 Pa and 2.667 Pa, Fig. 1(b) and (c)
respectively, the slope of the stress response is observed to become
more tensile as the deposition rate is increased and we no longer see
this transition in slope seen in the lower pressure conditions.

The steady-state stress data obtained from the slope of the stress-
thickness, Fig. 1, are plotted against the growth rate at the different
measured pressures in Fig. 4. Several trends can be noted in this data
representation. For each growth rate, the stress is more compressive
when the pressure is lower. For the lowest growth rates, the stress is
more compressive than at high growth rates for all pressures. However,
there is a different behavior for the stress at high growth rates de-
pending on the pressure. For the low-pressure regime, the stress appears
to become more compressive at the highest growth rates. At high
pressure, the stress appears to retain the same tensile value when the
growth rate is increased. Experimental limitations made it impossible to
measure the same range of growth rates for all the pressures, so growth
rates> 1.2 nm/s could not be measured at high pressure. However,
previous studies of non-energetic deposition of Cu [25] also show that
the tensile stress is retained at high growth rates.

The dependence of the steady-state stress in Fig. 4 can now be fitted
to the kinetic model given in Eq. (5), shown as solid lines. Note that the
experimental data points have associated error bars that originate from
the slope obtained from performing duplicate measurements at each
deposition condition. The similar responses provide confidence in the
reproducibility of the stress states under the specific deposition condi-
tion. The optimum values for the parameters were obtained by using a
non-linear least-squares fitting routine that minimized the residual
between the model and the measurements. Because of the large number
of potential fitting parameters, we constrained Ao, Bo and l to have a

Table 1
Average grain size measurements (in cross-section) obtained from PED.

Grain size (nm)

Deposition pressure (Pa) Deposition rate (nm/s)

0.012 0.12 1.0 1.2 2.4

0.267 18.5 ± 20.2 23.2 ± 16.1 x 24.4 ± 17.6 29.4 ± 29.7
1.333 16.7 ± 14.0 20.6 ± 12.9 x 25.3 ± 22.1 x
2.667 24.0 ± 17.6 24.9 ± 17.8 18.0 ± 9.8 x x

Fig. 3. (a) Concentration profile showing little to no variation in oxygen content through film thickness. (b) Mass spectrum form APT, note the love level of oxygen.

Fig. 4. Kinetic model fitting curves (solid lines) overlaid on stress verses growth
rate measurements of Cu. Color available online.
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linear dependence on the pressure below a threshold value of Po with
further details of this fitting discussed in reference [27]. This constraint
makes the magnitude of these parameters increase with particle energy.
Enforcing a linear dependence on pressure reduces the number of free
parameters from thirteen to eight. The constrained parameters were
then optimized over the entire data set to produce physically reasonable
values that can then be used to compare the calculations between the
different data sets. The resulting fitting parameters are tabulated in
Table 2.

Comparing the experimental data and fitting results from the kinetic
model, Fig. 4, the model is capturing the growth rate and pressure
dependence trends on the stress evolution in the energetically de-
posited, high mobility system. To understand these fitting parameters
produced by the model, comparisons between these values and dif-
ferent elemental systems and deposition techniques were undertaken.
Nonetheless, one should exhibit measured caution on strict compar-
isons between the absolute fitting parameter values. Since they are
fitted from experimental data, there will be some uncertainty from
those measurements. If the uncertainty were only from experimental
error, then statistical analysis would be sufficient to determine the fit-
ting parameter uncertainty. However, simplifying assumptions were
required in the model and these assumptions would also contribute to
differences from the data. Such systematic errors would then indicate
that differences between the fit and the experimental data are not
strictly related to statistical experimental error. Thus, the fitting para-
meters are ‘best values’ but do not have their own errors reported, as
they would be convoluted between the experimental and modeling
assumptions' uncertainties. Rather these fitting parameters provide
semi-quantitative information that aid in the exploration of trends and
help provide insights into the stress generating contributions from
different physical mechanisms that may otherwise be unavailable to
assess.

To begin this comparison, we will relate the experimental data re-
ported for the low mobility Mo films provided in the supplementary
information [27] to our high mobility Cu films. While the Mo data was
obtained over a much narrower pressure range (0.11–0.43 Pa) and
growth rates (0.05–0.3 nm/s) than the Cu films studied here, it does
contain some overlap in processing conditions. In the highest deposi-
tion pressure regime for Mo (0.43 Pa), the steady-state stress was tensile
and exhibited little to no dependence on growth rate. In contrast, for Cu
at the highest deposition pressure (2.66 Pa), the film exhibited a much
stronger rate dependence, becoming more tensile with increasing de-
position rate. At the lowest deposition rate for the high pressure Cu, a
compressive stress was observed which was not experimentally re-
ported in the Mo study. Considering that the Cu was deposited at a
much higher pressure than Mo, this difference in behavior is striking
because one might assume at higher pressures, with the reduction of
energetic contributions, the stress would remain tensile over the en-
tirety of growth conditions. The difference in the behavior for Cu can be
attributed to the effect of the non-energetic growth stresses in Eq. (5).
For the higher atomic mobility Cu, the growth stress is predicted to
become compressive at low growth rates. For the low mobility Mo, the
reported growth stress remains tensile over the range of growth rates
measured. In terms of the kinetic model, this behavior is predicted by
the dependence on the kinetic parameter βD. For large values of βD/R
(as in Cu), the stress is predicted to become compressive while for low

values (as in Mo), it remains tensile.
At low pressures, the energetic effects of the incoming species be-

come greater than at high pressures. For this reason, at each growth
rate, the stress becomes more compressive as the pressure is lowered.
Furthermore, for the experimental data in the Mo study at low pressure,
the compressive stress becomes even more compressive as the deposi-
tion rate increases. This same behavior is observed in the Cu system in
the higher deposition rate regime when increasing the deposition rate
from 1.2 nm/s to 2.4 nm/s. In these cases, the stress effect due to the
impact of energetic particle becomes larger when the flux of energetic
particles is larger. The fact that the stress becomes more compressive at
higher growth rates suggests that the energetic effects are larger than
the growth effects. Conversely, at the lowest Cu deposition rate, a stress
turnaround is observed and the compressive stress becomes more
compressive at low growth rates. This again can be attributed to the
effect of the growth stress being larger than that of the energetic par-
ticle stress at the low growth rates. This turnaround behavior fits well to
the kinetic model for the Cu system, Fig. 4's 0.267 Pa fit. In the case of
Mo, similar behavior is predicted for the lower growth rates, but it was
not observed because the experimental data was not acquired at a
sufficiently low growth rate. By going to a higher mobility material, like
Cu, we have been able to observe this crossover between the energetic
and growth stress behavior as predicted by the model.

At high growth rates and low deposition pressures, the arrival en-
ergy of the sputtered atoms would be high. In this condition, the stress
would be predicted to become ever more compressive because the high
arrival energies provide a mechanism for more defects to be in-
corporated into the films. This mechanism is predicted by the model
and was observed in both this work and the Mo study, with the slope of
the stress verses growth rate (in the high growth rate regime) being
greater for Mo. This would indicate that more defects are being in-
corporated into the Mo film because Mo has lower diffusivity than Cu
which would enable it to trap these defects. In the kinetic model, this
defect incorporation is reflected in the B0 term. Considering the cases
where the Mo and Cu pressures are similar (0.24 Pa verses 0.267 Pa,
respectively), we have used the same fitting routine to both datasets,
with the Mo data fits provided as a supplement to this paper. The B0 for
Mo was approximately −501 GPa and for Cu it was −131 GPa. Though
there can be some uncertainty in the absolute values used, the nearly
3.5× difference does demonstrate a significant effect where one can
reasonably infer that indeed the defect incorporation is higher in Mo
than that of Cu or that a defect in Cu contributes a small contribution to
the stress than that in Mo. The ability to use the kinetic model to begin
to semi-quantitatively ascertain such contributions provides potential
toolset to compare stress behavior mechanisms and contributions across
systems.

While there are many differences that can exist between sputter-
deposition and electrodeposition, comparing the growth stresses, which
are believed to be independent of the energetic contributions of sput-
tering, allows for another opportunity to compare the stress influences
between the two techniques. When looking at the growth contributions
of σc and σT in Eq. (1), the sputter-deposited Cu was approximately
−70MPa and 230MPa respectively whereas electrodeposited Cu is
approximately −19.9MPa [25] and 380MPa [25] respectively for the
same grain size. We once again recognize that care should be taken in
any comparison of the absolute parameters, but the values are relatively

Table 2
Values obtained when applying the non-linear least squares fitting of the stress data to the kinetic model.

Pressure
(Pa)

σC
(GPa)

σT (GPa) at L= 22.5 nm βD
(nm2/s)

Di

(nm2/s)
P0
(Pa)

A0

(GPa)
B0

(GPa)
l
(nm)

0.267 −0.0707 0.23 0.67 5503.14 2.81 −3.82 −131.19 1.67
1.333 −0.0707 0.23 0.67 5503.14 2.81 −2.22 −76.24 0.97
2.667 −0.0707 0.23 0.67 5503.14 2.81 −0.22 −7.475 0.10
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comparable (and within the same order of magnitude) between the two
techniques which adds confidence in the kinetic model's ability to ex-
tract individual contributions to the stress in the sputtered deposition
conditions. While further studies in more materials systems are needed
to further elucidate a more thorough understanding of these observa-
tions, it does suggest that the intrinsic elemental, atomic mobility be-
havior does indeed influence stress effects. The good agreement of the
kinetic model with this data, along with a prior study [27], indicates
that the kinetic model has potential for understanding the contributions
of different non-energetic and energetic growth processes to the stress
evolution of thin films.

5. Summary

This work has examined the growth rate and pressure dependence
on the intrinsic stress for sputter deposited Cu, a high mobility metal
film. To mitigate the effect of microstructure, i.e. grain growth and size,
to the stress evolution, a 50 nm Cu seed layer was deposited for all films
under identical deposition conditions. It was found that by establishing
a seed layer it was sufficient in keeping the subsequent Cu films mor-
phology, from rates of 0.012 nm/s to 2.4 nm/s and pressures between
0.267 Pa to 2.667 Pa, relatively similar up to 50 nm. The linear steady-
state growth enabled the effect of processing changes to be ascertained.
It was found that the intrinsic stress exhibited a rate dependent beha-
vior with different trends emerging for high and low deposition pres-
sures, which where fitted to a kinetic model that contains contributions
from growth and energetic stress generation mechanisms. At high de-
position pressures, the stress became more tensile as the growth rate
increased. In the low deposition pressure regime, the stress became
more tensile with increases in deposition rate until a critical cross-over
point where further increases in deposition rate resulted in the stress
becoming more compressive. This cross-over has been explained in
terms of the energetic contributions to the stress. The ability to observe
the crossover by Cu is contributed to its high intrinsic mobility; in
previous work in Mo, a low mobility film, this crossover behavior was
not observed. Through the use of the kinetic model, the fitting para-
meters and corresponding stress contributions were extracted and
compared to other films and deposition techniques. Though caution
should be used in comparing absolute values between these findings
and prior reported values, as various uncertainties exist, the kinetic
model revealed the correct trends in predicting energetic trapping of
defects between low and high mobility films as well as similar growth
stress values, which are independent of energetic contributions, be-
tween sputtering and electrodeposition. The kinetic model, with the
experimental data here, appears to be a promising description in re-
vealing and understanding the different contributions of intrinsic thin
film stress.
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