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Abstract

The post-growth stress relaxation in thin polycrystalline Ag films, deposited
by direct-current magnetron sputtering under different growth conditions, was
explored through wafer curvature measurements. It exhibits exponential be-
haviour with three distinct characteristic time components τ . The slowest one,
namely τth ' 200 s, is ascribed to thermal stress inherent to the deposition
method. In fact, the performed temperature measurements match perfectly
with an exponential stress variation with heating or cooling, as predicted by a
thermal exchange model detailed in this work. Based on a comparison between
different deposition conditions (continuous/interrupted sputter deposition and
evaporation), the case of Mo deposition and stress relaxation modelling, the
remaining components are assigned to the out-diffusion of atoms from grain
boundaries (τgb ' 3 s) and to changes in the grain surface shape induced by
grain boundary grooving (τsurf ' 20 s). The relaxation amplitude of the first
mechanism varies linearly with the steady-state stress at the end of growth in
agreement with theoretical expectations. Yet, that of the second one does not.
However, clues point to a kinetic limitation of diffusion mechanism. This study
provides proofs of the simultaneous occurrence of several mechanisms of stress
relaxation in thin metallic films.
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1. Introduction

By leading to coating failures such as crack, peeling, delamination or blister-
ing, the residual compressive or tensile stresses in polycrystalline thin films may
be detrimental to the functionality and longevity of devices and in particular
those exposed to harsh environments or to elevated temperatures [1]. Stress
control in thin films requires a deep understanding of its physical origin(s).
Kinetic-induced intrinsic stresses occurring during thin film growth result from
a complex interplay between the film material, its thickness and the deposi-
tion technique and conditions. This is particularly relevant in the case of very-
far-from-equilibrium growth processes such as magnetron sputtering. In the
Volmer-Weber growth mode of thin films, which is characteristic of the ma-
jority of polycristalline and even epitaxial metallic films on dielectrics, isolated
islands nucleate and grow before impinging and coalescing. The percolation and
formation of a continuous film follow. Each of these successive steps is assigned
to a specific evolution of the parallel (or in-plane) stress state of the film [1–5].
For isolated islands, the observed compression is associated to the Laplace pres-
sure [6]. From the start of coalescence up to the film percolation, the ”zipping”
of grain boundaries (GBs) [7, 8] generates a tensile stress, which is the result of a
trade-off between the energies associated with the strain, the elimination of free
surfaces and the creation of GB interfaces. After the formation of a continuous
layer, the stress enters into a tensile (respectively compressive) state for low
(high) mobility materials, referred to as type I (type II) materials [1, 5]. As in
the structure zone model [9, 10], the homologous temperature, i.e. the ratio of
growth (Ts) to melting (Tm) temperature, is often used as a criterion to distin-
guish between type I (Ts/Tm & 0.2) and type II (Ts/Tm . 0.2) stress behaviour.
Nevertheless, the characteristic diffusion length seems to be a better criterion,
since it also accounts for the flux of incident atoms [11]. For type II materials,
among which Ag studied herein is an archetype, the tensile stress associated
to GB closure can actually switch to compressive stress upon increasing the
thickness [1, 5]. Conversely, if the growth is interrupted, an evolution towards
tensile stress values is observed. But the puzzling fact is that if the growth is
resumed, the stress returns back to the value achieved before interruption, as
if the latter did not take place. The mechanism behind this reversible stress
has been the object of a vivid debate in the literature [3, 12–18]. Several hy-
potheses have been put forward to explain this behaviour, all of them implying
phenomena occurring in the region near film surface: (i) trapping and release of
excess atoms between surface ledges [3], (ii) reversible change of surface stress
due to the adatom population [12, 13] (iii) in- or out-diffusion of atoms from
GBs thermodynamically dictated by the flux-driven difference of chemical po-
tential between GB and free surface [14–16], (iv) reversible change of the surface
morphology of individual grains [17, 18]. A fruitful approach to the problem is
to analyse the temporal evolution of the stress relaxation. Based on an accurate
analysis of stress relaxation in Ag films with controlled grain size, Flötotto et
al. pointed out the decisive role of the GB density (and a marginal role of the
pre-interruption deposition rate) in the control of stress, thus ruling out the pre-
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vious interpretations (i) and (ii). Using a kinetic model based on atom insertion
into GBs, Chason et al. predicted an exponential stress relaxation [14, 15] in
apparent agreement with experiments in the case of Ag [14, 19]. Through an
exponential fit of the stress relaxation curve of evaporated Ni and Au films [20],
Yu et al. evidenced a fast (characteristic time of ∼ 102 s) reversible and a slow
(∼ 104 s) irreversible process, the latter being assigned to grain recrystallization
in the bulk of the film based on microscopy analysis [17, 20]. The slow stress
relaxation process is the result of grain growth, which is driven by the reduc-
tion of interfacial energy and not really by strain minimization. Deepening of
GB grooves by surface diffusion (which is the first step of dewetting [21]) was
assumed to be at the origin of the fast release of a part of the compressive stress
due to trapped atoms [18, 22, 23]. Upon growth resumption, the steady-state
surface morphology with shallower grooves is recovered leading to the reversibil-
ity of the phenomenon.

Since relaxation depends not only on the material and the film microstruc-
ture, but also on the whole history of film growth (deposition technique and
operating conditions), it is difficult to put forward a dominant mechanism by
comparing one study to the other. In the present work, using the same deposi-
tion system, we show that both mechanisms involving (iii) the out-diffusion of
atoms from GBs and (iv) the change of surface morphology are active in the
release of compressive stress. To this end, stress relaxation dynamics has been
analysed in continuous Ag films via multi-exponential fits. A special attention
has been paid to the thermal stress (Section. 3.2) component by developing
a heat transfer model that accounts for the specificity of sputtering deposi-
tion and explains the temperature evolution during deposition and relaxation
(Section 3.3). Three exponential components (Section 3.1) have been identified
during post-growth relaxation, one of which being related to thermal stress (Sec-
tion. 3.4). The other two are ascribed to the combined out-diffusion of atoms
from GBs and the change of the grain surface shape driven by GB grooving
(Section 3.5). This assignment is based on a kinetic stress model (Section 3.6)
and on a comparison with Ag evaporation (a slower deposition technique, free of
energetics species) and also with Mo sputtering (the archetype of low diffusivity
material with Ts/Tm = 0.10). To this end, the versatility offered by the accessi-
ble sputtering deposition conditions (power/pressure) is used to induce changes
in the final morphology and, therefore, to modulate the steady-state stress dur-
ing growth and the relative amplitude and time constants of the three relaxation
components. In addition, the interpretation is reinforced by a comparison be-
tween continuous growth and sequentially interrupted growth (Section 4) as well
as by the impact of film thickness on stress relaxation (Section 5).

2. Experimental

Thin film growth was performed in a vacuum chamber with a base pressure
of 10−4 µbar. Direct-current magnetron sputtering of Ag and Mo was achieved
using 99.999 % pure 2 inches targets set at 15 cm from the substrate. The surface
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of each target was cleaned by pre-sputtering before deposition. The Ar (purity
99.995 %) sputtering gas pressure ranged from 2 to 50 µbar (1− 80 sccm). For
Ag, the power was set in a range between 50 W and 150 W for a cathode voltage
of 345-440 V. The sample was left electrically floating and reached a potential
of ∼ −7 V. Within the power and gas pressure ranges explored in this work,
the Ag deposition rate R (Table 1), measured as explained in reference [24],
increases with power P , but is nearly constant as a function of pressure p. The

Power Pressure Rate Average kinetic energy
(W) (µbar) (nm.s−1) (eV.atom−1)

50 2 0.54 6.44
75 2 0.72 –
100 2 0.88 –
125 2 1.09 –
150 2 1.36 –
50 3.5 0.52 3.38
50 5 0.53 1.93
50 10 0.54 0.49
50 25 0.43 < 0.04
50 50 0.43 < 0.04

Table 1: Measured Ag deposition rate R and calculated average kinetic energy Ek for the
explored powers and pressures.

interrupted film growth was achieved with a pneumatic shutter placed in front
of the target, allowing for controlled durations in opened/closed positions. As
a basis for comparison in relaxation studies, a Mo film was grown at rate of
R = 0.28 nm.s−1 (P = 150 W; p = 2 µbar). Similarly, a Ag deposit was also
obtained by evaporation at a much lower rate of R = 0.033 nm.s−1. The used
alumina crucible was heated at 1323 K and set at 15 cm from the substrate.
Si(100) substrates (n or p-type doped; 2 inches) were used as supplied without
removal of their native oxide (thickness ∼ 2 nm), so that the initial growth
takes place on a silica surface. The wafer thickness of hs = 100 and 150 µm
allowed reaching a good sensitivity in the curvature measurements used to ob-
tain the stress evolution. Free bending of the wafer during film deposition was
ensured simply by wafer laying onto a sample holder with three equally spaced
tiny pins placed close to the edge. Just after deposition, some Ag films were
covered in situ with a 3 nm thick TiO2−x layer to prevent atmospheric effects
during ex situ imaging. The film topography was then characterized in air by
atomic force microscopy (AFM ICON from Bruker) running in tapping mode.
The film thickness was determined by imaging a groove created on purpose in
the layer [24].

In situ temperature measurements were performed with an alumina-shielded
K-type thermocouple (wire diameter 0.5 mm) tightly fixed on the wafer surface
with silver paint to ensure a good thermal contact. Data were collected using
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an electronic multimeter with a collection rate of one point per second, taking
care there was no short circuit during deposition.

High-resolution stress measurements were performed with a home-made cur-
vature monitoring setup based on digital-image correlation. In short, a random
pattern is imaged by a camera equipped with a 100 mm objective lens, af-
ter its reflection on the substrate deposit face. Image correlation with respect
to a reference image recorded before the growth or relaxation allows deducing
sub-pixel displacements that can be linked to wafer curvature via a geomet-
rical optics model. Precise calibration of the underlying experimental factors
was obtained from the curvature measured ex situ with an optical profilometer
on thick stable Mo films. The curvature κ observed during growth or relax-
ation was then transformed into an average stress-thickness value σhf using the
well-known Stoney equation [5, 25]

κ =
6σhf (1− νf )

Efh2
s

, (1)

from the Young modulus Ef and Poisson ratio νf of materials (EAg = 83 GPa;
νAg = 0.37; EMo = 325 GPa; νMo = 0.3) [26].

Experiments were supplemented with simulations of transport of sputtered
atoms from the target to substrate with the SIMTRA toolbox [27, 28] taking into
account the specific configuration of our sputtering chamber [29]. The obtained
average kinetic energy Ek per Ag atom (Table 1) shows that a thermalization
of atoms is theoretically achieved for deposition pressures above p = 25 µbar
for which Ek is below 0.04 eV.

3. Mechanisms of stress relaxation after continuous deposition

Fig. 1 depicts the stress-thickness evolution with film thickness during the
growth of thin Ag film for various sputtering powers (Fig. 1-a) and gas pressures
(Fig. 1-b). Fig. 2 shows the corresponding stress variation in 40 nm thick Ag
films after deposition. Since Ag is a metal with a high homologous tempera-
ture (Ts/Tm = 0.24), the film stress follows a compressive-tensile-compressive
scenario that is characteristic of a Volmer-Weber growth mode (Fig. 1). Above
the percolation threshold, which is in the range of ∼ 10 nm herein, the stress-
thickness is characterized by a transition from a tensile peak to a compressive
regime, the origin of which is related to GBs. The film stress enters a steady-
state regime characterized by a stationary instantaneous stress. After growth,
this compressive stress is gradually released towards tensile values as shown in
Fig. 2.
This section starts with the analysis of experimental data on stress relaxation
via exponential fits (Section 3.1). Among the fitted components, the thermal
stress (Section 3.2) is identified first (Section 3.4) through a comparison with
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temperature evolutions during and after the growth (Section 3.3). Then the re-
maining components are assigned to specific mechanisms (Section 3.5). Finally,
a model of stress relaxation coupling atomic diffusion and grooving in GBs (Sec-
tion 3.6) and its consequences (Section 3.7) is developed to support the previous
identification. A thorough analysis of the role of the deposition parameters in
the stress evolution during growth itself, from nucleation to percolation (Fig. 1),
will be the topic of a separate article.
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Figure 1: Stress-thickness evolution during continuous deposition of Ag at (a) fixed pressure
p = 2 µbar for various powers and (b) at fixed power P = 50 W for various pressures.

3.1. The three exponential components of stress relaxation

Relaxation studies were performed during 600 s at a fixed film thickness
hf = 40 nm corresponding to a continuous and homogeneous layer according
to in situ resistivity measurements [29]. If the plasma was switched off after
the growth, Ar pressure was kept all along the relaxation process. The average
stress variation ∆σ(t) with respect to the value reached at the end of the growth
is plotted in Fig. 2 as a function of power and pressure. Starting from a com-
pressive stress value in the range of σ(t = 0) ' −12 to −30 MPa, a rapid change
of ∆σ(t) ' 70 − 110 MPa towards tension is systematically observed (Fig. 2).
In magnetron sputtering such relaxation is not only due to intrinsic phenomena
involving the film microstructure such as surface and grain boundaries, but also
to the thermal stress related to the different film/substrate thermal expansion
coefficients. Analogously to references [18, 20], the stress relaxation was fitted
with the sum of three exponential terms, two of which are intrinsic to the film
(indexed ”surf” and ”gb”) and one related to the thermal stress (indexed ”th”):

∆σ(t) = ∆σtot −∆σsurf exp (−t/τsurf ) (2)

− ∆σgb exp (−t/τgb)−∆σth exp (−t/τth).
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Figure 2: Post-growth stress variations ∆σ(t) after deposition (a) at different powers and
constant pressure (p = 2 µbar) and (b) vice-versa, different pressures and constant power
(P = 50 W).

Their origin will be discussed hereafter (Sections. 3.4-3.5). Fig. 3 depicts a fit
of experimental data with one, two or three exponential terms. Beyond the
suspected existence of these three terms [18, 20], a blind fit with only one or
two components led to a worse agreement beyond the error bars. The evolution
of fit parameters are presented in Fig. 4 as a function of power and pressure.
At low deposition pressures (p ' 2 µbar), the fit yields to three time constants
with different orders of magnitude (Fig. 4-a,b): (i) τth ' 200 s, (ii) τsurf ' 20 s
and (iii) τgb ' 3 s. As seen in Fig. 4-a,b, the fitted time constants do not
depend on power and only a weak dependence on pressure is observed for values
below 10 µbar. By contrast, the corresponding amplitudes change with all the
sputtering parameters, indicating that they might be dependent on the film
microstructure and thermal history (Fig. 4-c,d).

In order to validate the existence of several exponential relaxation phenom-
ena and to assign them, the present results are compared to those of: (i) a
40 nm film evaporated in high-vacuum (R = 0.033 nm.s−1) and (i) a 91 nm
Mo sputtered film (R = 0.28 nm.s−1) (Fig. S1 of supporting information). As
expected for a poorly diffusive material (Ts/Tm = 0.1), the Mo film entered im-
mediately into a tensile stress phase at the beginning of growth, and switched
to a compressive phase only in the late stages of the growth due the well-known
phenomenon of atomic peening [30, 31]. At the opposite, the evaporated Ag film
followed a stress scenario similar to the sputtered Ag film. Yet, evaporation is
free of energetic species and at such a low rate, the growth is closer to equi-
librium. Both post-growth stress relaxations could be fitted conveniently with
only two components (Fig. S1; Table 2). At last, the existence of two intrin-
sic relaxation times is further supported by the detailed stress relaxation study
of Flötotto et al. [19] performed on the same Ag/SiO2/Si system but grown by
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vapour deposition; their thermal-stress free curves for similar growth rates show
clearly two temporal regimes (see Fig. S2 of supporting information).

System Thickness ∆σgb τgb ∆σth τth ∆Tth
(nm) (MPa) (s) (MPa) (s) (K)

Ag-evap. 40 8 2.3 20.0 246 -11.3
Mo-sput. 91 7.1 17.7 98.9 202.2 -17.9

Table 2: Fit parameters of the stress relaxation curves (Fig. S1) for an evaporated Ag film
(p = 10−4 µbar; R = 0.033 nm.s−1) and a 91 nm Mo film deposited by sputtering (P = 150 W;
p = 2 µbar; R = 0.28 nm.s−1). The temperature variation ∆Tth is also given. See text and
Eqs. 2,3 for definitions.

3.2. The thermal stress component and the heat exchange model

Assuming perfect adhesion at the film/substrate interface and mechanical
equilibrium, any variation ∆T of temperature gives rise to a thermal stress [5,
32–35] that can be expressed as:

∆σth =
Ef

1− νf
(αs − αf )∆T, (3)

where Ef is the Young modulus of the film material, νf its Poisson ratio and
αf , αs the linear thermal expansion coefficients of the film and the substrate,
respectively. As sputtering is an energetic process, a temperature rise is to be
expected during deposition and a cooling down during relaxation. To figure
out the expected theoretical trend of temperature evolution in the film during
deposition and its interruption, a heat exchange model was developed (see Sec-
tion S1 for all details) including (i) the energy flux during deposition, (ii) the
heat loss by thermal radiation and by conduction through the sample holder and
the sputtering gas (both during deposition and relaxation) and (iii) the wafer
thermal capacity. The main outcome is an exponential variation of temperature
(Eqs. S10-S11):

∆Theat(t) = ∆Tmaxheat [1− exp (−t/τheat)] ,
∆Tcool(t) = ∆Tmaxcool exp (−t/τcool), (4)

with a common time constant for heating (or deposition) and cooling (or re-
laxation), which is inversely proportional to the gas pressure. This predicted
exponential behaviour of temperature is first confronted to direct measurements
for various powers and pressures (Section 3.3) before identifying the thermal
component of stress relaxation (Section 3.4).

3.3. Temperature evolution during sputtering deposition and relaxation

The substrate temperature was determined using a thermocouple glued onto
the wafer surface during the deposition of a 40 nm Ag film (30 − 90 s of de-
position; see Table 1), and during a fixed 600 s relaxation after the end of the
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growth (no plasma) but at a constant gas pressure. Fig. 5 depicts measured
temperature variation during both growth and relaxation upon deposition with
different magnetron powers (Fig. 5-a) or at various gas pressures (Fig. 5-b). Dur-
ing growth, a temperature rise of around ∆Theat ' 10−20 K with respect to the
original substrate/holder temperature (Th) is systematically observed (Fig. 5),
with a slightly larger final temperature at higher powers and a lower one at
larger pressures, as expected. No clear fingerprint of radiative loss changes due
to variations of film emissivity around the percolation threshold (' 10 nm) is
found in the temperature profile (Fig. 5-a). This effect was already observed
during the evaporation of Ag, Au and Cu, but at a much lower growth rate and
for a larger emissivity contrast between deposited material and substrate (glass
substrate εs = 0.92) [32, 35].
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relative to the initial sample/holder temperature during sputtering deposition of a Ag film
and during its cool-down under gas: (a) at different powers for a fixed pressure p = 2 µbar
and (b) at different pressures for a fixed power P = 50 W. Heating by deposition is performed
until a common target thickness of 40 nm and cooling during a fixed duration of 600 s as used
in stress relaxation measurements (Fig. 2).

Fig. 5 shows that both heating (deposition) and cooling (relaxation) can be
conveniently fitted with exponential functions as theoretically predicted (Eqs. 4).
However, for the highest deposition rates (at low pressures; Table 1), the short
deposition time leads to a nearly linear increase of Theat(t) (Fig. 5), giving rise
to strongly correlated ∆Tmaxheat and τheat values in the fit. More reliable values
can be obtained upon longer cooling (Fig. 5) or at larger pressures, for which
the time constants are comparable with or smaller than the observation time.
For this reason, at low pressures (p ≤ 10 µbar), ∆Tmaxheat was determined from
the slope of the curve by setting τheat = τcool as predicted by thermal mod-
elling (Eq. S8). The obtained amplitudes ∆Tmaxheat ,∆T

max
cool and time constants

τheat ' τcool are gathered in Fig. 6 as a function of power and pressure.
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Figure 6: Exponential fitting parameters of the temperature evolution as a function of power
(at constant pressure p = 2 µbar) and pressure (at constant power P = 50 W): (a)(c) τheat
and τcool time constants, (b)(d) amplitudes ∆Tmaxheat and ∆Tmaxcool (see text for definitions).
The error bars are of the order of δ(∆Tmax) ' ±0.1 K and δτ ' ±2 s for an experimental
uncertainty on temperature of δT ' 0.5 K.
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As expected from the heat transfer model, the deposition power does not
impact the cooling relaxation time constant τcool (Fig. 6-a). At the same time,
the characteristic time constants τheat ' τcool (Fig. 6-c) are inversely propor-
tional to the pressure, following the expectation of Eq. S8. The increase of the
heating amplitude ∆Tmaxheat with power (Fig. 6-b) is compensated by a shorter
deposition time (high deposition rate; Table 1), so that the temperature Tend at
the end of deposition is weakly dependent of power (Fig. 5). Consequently, the
fitted ∆Tmaxcool = Tend − Th values do not depend on the power either (Fig. 5-a).
The asymptotic heating amplitude ∆Tmaxheat , and accordingly to Eq. S10 also the
incoming heating flux Φin, increase with power (Fig. 6-b) and decrease with
pressure (Fig. 6-d). Using the thermal capacity of the wafer Cs = V CSi, with
V = 0.3 cm3 its volume and CSi = 0.7 J.g−1.K−1 the specific heat of sili-
con [26], the amplitude of heating (Eq. S10) gives access directly to the flux
of energy per unit of surface Φin/As. This value can be converted into the
average deposited energy per atom Eav by normalizing to the atomic deposi-
tion rate Ra = RNρf/Ma (R is the deposition rate, ρf the atomic density,
Ma the molar mass and N the Avogadro’s number). The values of Φin/As
(Φin/As = 7 mW.cm−2 at P = 50 W and p = 2 µbar) and Eav (Fig. 7) are
in reasonable agreement with literature on sputtering deposition [36–41]. As
demonstrated by the nearly constant Eav around 15 eV.atom−1 (Fig. 7), Φin
scales linearly with the deposition rate R. Therefore, the thermalization of sput-
tered species with pressure predicted by SIMTRA simulation (Table 1) must be
compensated by other heating channels to keep constant Eav, as already demon-
strated in the literature [42, 43].

3.4. Identifying the thermal stress component

For sputtered Ag film, a direct comparison of the order of magnitude of τth
(Fig. 4-a,b) with the cooling time constant τcool previously found by thermocou-
ple measurements (Fig. 6-a,c) allows ascribing τth/∆σth to the thermal stress
at the film/substrate interface. This assignment can also be justified by com-
paring the expected temperature difference ∆Tth at the end of deposition from
the fitted amplitude ∆σth (Eq. 3; αAg = 16.5 10−6 K−1; αSi = 3.08 10−6 K−1)
to the measured value ∆T (tend) (Fig. 5). The obtained values around 20-25 K
(see Table 3) are very close to those determined by thermocouple measurements
(Figs. 5-6). Similarly, the changes of τth and ∆σth with pressure (Fig. 4-b,d)
follow those observed during cooling under different gas pressures (Fig. 6-c,d),
both in terms of trend and of expected change of temperature, namely reaching
values of the order of ∆Tth = 20 K. Overall the thermal stress represents a
sizable fraction of the total amplitude of stress relaxation (Fig. 2).

Thermal stress due to a temperature gradient through the wafer itself is
ruled out because the predicted stress [32, 44]:

∆σsth =
1

6

Es
1− νs

αs∆Ts (5)
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Figure 7: Average deposited energy per atom obtained from calorimetric equation (Eq. S10)
and temperature measurements.

Power (W) ∆σth (MPa) ∆Tth (K) ∆Ttc (K)

50 36.2 -20.5 -13.1
75 35.7 -20.3 -15.1
100 37.0 -21.0 -17.1
125 42.0 -23.8 -16.6
150 43.2 -24.5 -17.8

Table 3: Comparison for each deposition power between the expected temperature variation
∆Tth corresponding to thermal stress amplitude and the value measured by thermocouple
∆Ttc.
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amounts only to 0.1 MPa.K−1 (ESi = 113 GPa; νSi = 0.42) and would re-
quire a ∆Ts value of hundreds of kelvins to account for the observed relaxation
amplitudes (Fig. 2). This is unlikely in the light of the present temperature
measurements and of previous results [45]. Moreover, the incoming flux of
energy estimated by calorimetry Φin ' 10 mW.cm−2 is nearly entirely compen-
sated by the thermal radiation escaping from the rear face Φrad ' 8 mW.cm−2

(εSi = 0.6 > εAg = 0.02) for a difference of 20 K with the chamber walls
(Eq. S3). This leads to a maximum temperature drop between the front and
rear faces of ∆Trf ' RthΦin = 0.1 K, accounting for the total thermal resis-
tance of Rth,s(Ag/SiO2/Si) ' 1. 10−2 K.cm2.W−1 (Rth,s = h/k with h the
thickness and k the thermal conductivity at 300 K; kAg=429 W.m−1.K−1,
kSiO2=1.4 W.m−1.K−1, kSi=148 W.m−1.K−1; hAg = hf = 40 nm, hSiO2 =
2 nm; hSi = 150 µm). In fact, if a thermal gradient exists in the substrate, it is
in-plane and not across the wafer thickness because of the sample mounting on
three feet. At last, some authors [46–49] claimed that a hot, but poorly conduc-
tive, ”liquid-like” surface layer is induced by the arrival of metal atoms, leading
to a surface temperature much higher than that of the substrate measured by
the thermocouple. Upon cooling, such a gradient of temperature would give rise
to a thermal stress as given by Eq. 5, but calculated with film parameters. Since
the calculation for Ag gives ∆σfth ' 0.36 MPa.K−1, the assignment of any of
the stress relaxation components to this phenomenon would require an unlikely
temperature difference of several hundreds of kelvins. Such temperatures were
indeed already pyrometrically measured in the case of Ti, Cu, and Cr sputter-
ing [48, 49], but at a much higher incoming flux Φin/As.

In the case of Mo sputtering, as τth ' τcool, the slowest relaxation is ob-
viously assigned to thermal stress (Table 2). Its amplitude suggests a cooling
of ∆Tth = −111 K with αMo = 5.0 10−6K−1 (Eq. 3) . Assuming −∆Tth '
∆Tmaxcool = ∆Tmaxheat [1− exp(−tdep/τth)] (Eq. 2) where τdep = 320 s is the deposi-
tion time, one finds a heating amplitude during deposition of ∆Tmaxheat = 140 K
close to previous findings ∆Tmaxheat = 130 K in the case of Ag at a similar power
of P = 150 W (Fig. 6). While the corresponding flux of energy Φin/As =
17 mW.cm−2 (Eq. S10) is similar to that found for Ag, the average deposited
energy per atom is much larger Eav = 59.5 eV.atom−1 due to a lower Mo de-
position rate. The lower sputtering yield of Mo compared to Ag implies not
only a lower deposition rate, but also an enhancement of heating by Ar peening
induced by ion neutralization and reflection at the target [36, 37]. Indeed, as
SIMTRA simulations give an average kinetic energy similar to that of Ag for
Mo (EMo

k = 6.42 eV vs EAgk = 6.44 eV at p = 2 µbar), and due to the small
difference of their atomic mass values (MAg

a = 96; MMo
a = 108) one would

expect a similar thermal transfer from the impinging deposited atoms.

Finally, since the evaporator crucible was not thermally shielded during silver
evaporation, a significant substrate heating occurred. Its time constant τth =
246 s is larger than that observed for sputtering τth = 200 s, a fact explained by
the absence of a cooling mechanism by gas conduction (see Eq. S8). Owing to the
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long deposition time (tdep = 1200 s) compared to τth = 246 s, Eqs. 4-3 show that
∆Tmaxheat ' −∆Tth. This corresponds to a heating flux of Φin = Cs∆T

max
heat /τth =

22.5 mW (Eq. S9). The Stephan-Boltzmann equation (Eq. S1) tells us that the
1.5 cm nose of the alumina (emissivity ε = 0.8) crucible held at 1323 K emits
24 W in the half-space. The thermal radiation received by the substrate is
proportional to its solid angle as seen from the evaporation cell (substrate area
As = 20 cm2 at a distance 15 cm), and amounts to 27 mW. Since doped silicon
is strongly absorbing at the crucible Wien wavelength (λw = 2 µm at 1323 K),
this value matches perfectly the above Φin value estimated from thermal stress.

3.5. Assignment of the other relaxation mechanisms

Once the thermal stress component is identified and quantitatively explained,
several reasonable hypotheses can be put forward to explain the presence of two
additional intrinsic stress relaxation mechanisms for Ag sputtered films with
time constants around τgb ' 3 s and τsurf ' 20 s (Fig. 4): (i) bulk recrys-
tallization [17, 20, 50], (ii) out-diffusion of atoms from GBs promoted by the
decrease of supersaturation at the film surface [14, 15, 51], (iii) healing of point
defects created by atomic peening [52] or (iv) change of grain shape at the sur-
face through GB grooving which is the first step of dewetting [18, 21–23].

Bulk recrystallization, i.e. grain growth, densifies the film by reducing the
number of GBs; since the film adheres to the substrate, a tensile stress sets up.
Already proposed in relaxation studies of evaporated Au or Ni films [20], bulk
recrystallization is ruled out here on the basis of the much longer time scale of
this process (∼ 104 s).

To disentangle the other mechanisms, the correlation of their relaxation am-
plitudes with the steady-state stress σss during the late stage of growth depicted
by Fig. 8 turns out to be quite relevant. The amplitude of the fastest relaxation
component (τgb ' 3 s) evolves linearly (slope ' 0.33) with σss while the slower
one (τsurf ' 20 s) is nearly constant (Fig. 8). The mechanism (ii) of atomic
diffusion at GBs is known to scale with σss [14, 15, 51] (see below for details)
thus supporting its assignment to τgb/∆σ̄gb.

Let us consider other above-mentioned mechanisms. Contrarily to evapo-
ration, peening in sputtering deposition [5, 30, 31, 53] leads to a compressive
stress through the transfer of momentum from energetic particles (ions or back-
reflected neutrals) that favours implantation and/or creation of points defects
leading to enhanced atom mobility and film densification. A relaxation to-
wards less compressive/more tensile state (mechanism (iii)) is expected from
the diffusion of bombardment-induced defects with a lower amplitude at larger
growth pressures due to the thermalization of species but also a larger ampli-
tude at larger power due to enhanced peening. Looking at Fig. 4, the component
τgb/∆σ̄gb of stress relaxation clearly does not match these expected trends in
particular with pressure at the opposite to τsurf/∆σ̄surf (Fig. 4). But this lat-
ter does not show any clear correlation with the steady-state stress as one would
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Figure 8: (a) Evolution of the compressive steady-state stress σss developed in the late stage
of growth (hf = 40 nm) for all the explored deposition conditions. (b) Correlation between
the steady-state stress |σss| and the amplitudes of stress relaxation ∆σgb, ∆σsurf . Filled
points correspond to evaporation and the blue line to a linear regression calculated on the
blue points. The unitary slope expected for unlimited diffusion at GBs is depicted by the
dotted triangle.

suspect for peening [5, 53]. Also, SIMTRA simulations [27, 28] performed for
our sputtering geometry [29] (Table 1) predict a full thermalization of atoms
above p = 25 µbar with an average kinetic energy of atoms below 0.04 eV,
while sizeable ∆σsurf/∆σgb amplitudes are still present. Finally, previous in
situ photoemission analyses do not show the presence of implanted Ar [29] in
the Ag films at the sensitivity limit of the technique (∼ 1 %.at). At last, one can
point out that a stress relaxation line shape with two clear exponential compo-
nents was already observed [14, 19], although not discussed, in the case of Ag
evaporated at rates similar to those used herein for sputtering, but of course in
the absence of energetic species (see Fig. S2). In conclusion, the relaxation of
peening-induced defects does not appear as dominant mechanism although it
can not be fully ruled out at the lowest pressures; some effects on the compres-
sion peak in the pre-coalescence stage are visible (Fig. 1-b).

In coherence with previous observations for Au and Ni evaporated films [18,
20] and with theoretical predictions [54], the mechanism with the intermediate
time constant (τsurf ) is rather assigned to GB grooving. This mechanism (iv)
of stress relaxation driven by curvature-induced surface diffusion is quite rele-
vant in the case of silver. This type II material with a sizeable surface diffusion
coefficient is well-known to be prone to dewetting [21, 55–58]. Because of the
out-of-equilibrium growth conditions, the dihedral angle of a GB groove is larger
than the equilibrium one (fixed by the ratio between the GB energy and the
grain surface energy). After growth, the groove deepens by surface diffusion
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towards its equilibrium angle with a speed that increases with the energy dif-
ference from equilibrium. This phenomenon is the first step of film dewetting,
a process that ends up with the creation of holes in the film if the mobility is
high enough [21, 58]. A less pronounced and slower relaxation at larger pres-
sures is expected due to grains closer to their equilibrium shape as observed for
τsurf/∆σsurf . As the opposite to sputtering, grains in the evaporated Ag film
are expected to be closer to thermal equilibrium, because the process is slower
and free of energetic species (Eevapk ' 0.1 eV for Ag atoms). A previous de-
tailed analysis of the plasmonic response of islands during growth by sputtering
and evaporation on a similar system in terms of wetting (Ag/alumina) [59] has
shown that sputtering is characterized by a kinetic competition during coales-
cence between island lateral growth and return to equilibrium shape, leading to
the formation of flatter particles and earlier percolation. In fact, percolation in
evaporation is strongly delayed since coalescence is nearly self-similar in terms of
aspect ratio with particle shape close to equilibrium [60–62]. Since the dihedral
angle of GB grooves in evaporated films is closer to equilibrium, the component
related to surface relaxation is not found in the relaxation data of evaporated
samples (see Fig. S1-a and Table 2). The only remaining mechanism is the
out-diffusion of atoms from GBs, the time constant of which is quite similar to
that of sputtering (τevapgb = 2.3 s vs τsputgb = 3 s).

Being a metal with a high melting point, Mo poorly diffuses and the change
of surface morphology through GBs grooving is therefore expected to be inef-
fective after the end of the growth, even at a final temperature of ' 400 K.
Previous measurements [5, 53] have demonstrated that the steady-state stress
in Mo films is inversely proportional to grain size thus highlighting the key role
of GBs in stress build-up. The exact mechanisms, though, may be different
from that of Ag for which the difference of chemical potential is the driving
force of inwards/outwards diffusion of atoms during growth/relaxation. De-
fect creation/healing in the bulk of the grains [63], such as those arising from
atomic peening [30, 31] can not be fully disregarded in the Mo case since the
low sputtering yield of this material leads to strongly energetic back reflected Ar
neutrals. But whatever the dominating mechanism [5] may be, the relaxation
of the associated compressive stress is naturally assigned to the time constant
τMo
gb ' 18 s. If further experiments are required to understand the exact ori-

gin of stress relaxation in Mo films, this experiment with Mo confirms that
the existence of two relaxation mechanisms in Ag is intrinsically related to its
Volmer-Weber growth and to its large mobility.

The experimental evidences are in favour of an assignment of τgb/∆σ̄gb to
out-diffusion of atoms from GBs and τsurf/∆σ̄surf to GB grooving. Yet the
interplay between them and the lack of correlation with σss of the latter (Fig. 8-
b) remains to be explained. The next section is dedicated to this point.
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3.6. Coupling between atom diffusion at GBs and GB grooving in stress relax-
ation

Chason et al. suggested that the compression phenomena observed during
growth of a continuous film is due to the reversible insertion of atoms within
GBs [14, 15, 51], driven by the difference of chemical potential between the
surface and the interior of GBs due to supersaturation. By modelling the elastic
deformation of atomic layers adjacent to a GB by a set of parallel linear springs,
an exponential stress relaxation can be predicted [14, 15, 51] with an amplitude
that scales linearly with the steady-state stress. The combined effect of GB
grooving and atom diffusion along GBs on stress can still be accounted for
within the same kinetic model by considering the regimes of high and low atomic
diffusion along the GB. In the extreme case of high-GB mobility (i.e. when the
rate of atom diffusion within the GB is much larger than the rate of transition
between the surface and the GB), Chason et al. proposed a differential equation
to describe the average stress σ [14, 15, 51]:

∂σ

∂t
=

∂Σgb
∂t

+
∂Σgr
∂t

∂Σgb
∂t

= − a

hτ
[σ − σC ]

∂Σgr
∂t

= − 1

h

∂h

∂t
[σ − σT ] . (6)

In deriving Eq. 6, it is assumed that the depth h of the GBs is equal to the
film thickness hf . During growth, the stress evolution results from the balance
between the creation of compressive stress σC < 0 due to atom insertion at GBs

(
∂Σgb

∂t term in Eq. 6) and the tensile stress σT > 0 due to GB zipping (
∂Σgr

∂t
term in Eq. 6). The stress relaxation time:

τ =
aL

βDi
(7)

scales with the lateral grain size L and the effective diffusivity Di related to
the hopping rate from the surface to the GB. a3 is the atomic volume and β
a dimensionless parameter. In the steady-state regime observed in continuous
film, the speed of creation of GB is constant and given by the growth rate (i.e.
∂h
∂t = R); the instantaneous stress tends towards a compressive steady-state
value σss < 0 as observed in Fig. 1. It can be obtained by solving Eq. 6:

σss =
σT + a

Rτ σC

1 + a
Rτ

. (8)

This theory explains satisfactorily the general dependence of σss on the growth
parameters for many metals, and also accounts for the general trends observed
during coalescence and even during grain coarsening in continuous films [14, 15,
50, 51]. Moreover Eq. 6 is not only valid during film growth (∂h∂t > 0) but also

during relaxation at constant thickness (∂h∂t = 0) or if atomic diffusion allows GB
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grooving (∂h∂t < 0). In the first case (∂h∂t = 0, stress relaxes exponentially from
its initial steady-state value σss to a final given value σC with a time constant
hfτ/a:

σgb(t) = σC + (σss − σC) exp

(
− at

hfτ

)
, (9)

Distinguishing between incoming and outgoing rates of atoms at GBs leads
to a refined version of stress relaxation dynamics [64] that poorly differs from
the exponential case Eq. 9 in the regime of small stress relaxation (see Fig. S3).
Assuming now an exponential GB grooving of amplitude ∆hf and time constant
τgv:

h = hf −∆hf [1− exp(−t/τgv)], (10)

Eq. 6 can be solved by finite difference method as shown in Fig. 9. It is quite
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Figure 9: Finite difference solution (circles) of stress evolution (Eq. 6) for exponential GB
grooving (Eq. 10) in the two limit cases: (a) τ

a
� τgv

hf
(τ = 2 a

hf
s; τgv = 20 s) and (b)

τ
a
� τgv

hf
(τ = 20 a

hf
s; τgv = 2 s). The red line corresponds to the fit of the calculated stress

relaxation (circles) with two exponential terms σgb and σsurf (dotted lines). The difference

is displayed on the top scale. The tensile relaxation Σgb due to out-diffusion of atoms from

GBs (green line) and the compressive relaxation due to grooving Σgr (blue line) are displayed
on the right scale. The numerical parameters are: a = 0.257 nm, hf = 40 nm, ∆hf = 10 nm,
σC = 0 MPa, σT = 250 MPa, σss = −80 MPa. The chosen σT and σss values correspond
to the average stress at tensile peak and to the steady-state value observed during Ag growth
(Fig. 1). See text for parameter definitions.

instructive to analyze the evolution of stress with time in two limit cases of fast
(Fig. 9-a; τ/a � τgv/∆hf ) and slow (Fig. 9-b; τ/a � τgv/∆hf ) GB grooving
kinetic compared to out-diffusion of atoms from GB. As in the case of growth,
Σgb and Σgr compete to lead to a complex trend for σ. Besides the direct fit
of simulations (dotted lines in Fig. 9), an analytic analysis of Eqs. 6 detailed in
Section S3 of supporting information shows that, for very distinct time constants
τgv and hfτ/a, the total stress change can be decomposed into two exponen-
tial components, just like it was done in the analysis of the experimental data
(Eq. 2 and Fig. 3) even if the evolutions of the counteracting tensile Σgr and
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compressive Σgb components themselves do not follow this exponential trend.
In the case τ/a � τgv/∆hf and ∆hf � hf (Section S3), the amplitudes of
these exponential components are given by:

∆σgb ' σC −
τ

τgv

∆h

a
− σss (11)

∆σsurf ' τ

τgv

∆h

a
. (12)

The distinct experimental dependence of ∆σsurf and ∆σgb with respect to σss
(Fig. 8) and the overall stress relaxation line shape with τgb � τsurf (Fig. 9-a
versus Fig. 2) further reinforce the proposed identification: τgb = τhf/a and
τsurf = τgv.

3.7. Stress gradient along GBs and GB grooving dynamics

Let’s come back to the found proportionality factor between ∆σgb and σss
(Fig. 8-b) that does not match theoretical expectation of Eq. 11. It is worth
noticing that the experimental values of ∆σgb and ∆σsurf are of the same or-
der of magnitude (Fig. 4-c,d). Meanwhile theory predicts a much more modest
value for ∆σsurf (Eq. 12; see Fig. 9). Moreover, the nearly constant τgb (Fig. 4-
a,b) observed even in cases of evaporation (Table 2) and interrupted growth
(see Section 4) contradicts the dependence of τ on grain size (Eq. 7), which is
known to change with growth conditions [19, 29, 65]. The obtained experimen-
tal values of the steady-state stress σss and fitted relaxation times τgb follow
the predicted trend for fast atomic diffusion (Eq. 8) but leads to unphysical
stress values (see Section S4 and Fig. S4). Finally, only a fraction of σss is
actually released during relaxation (see Fig. 8-b) as if a kinetic limitation was
involved. As already suggested by other authors [14, 51, 66], these discrepancies
might originate from a non-homogeneous stress profile across the film/GB thick-
ness [66] due to a limited diffusion along GB. Guduru et al. [66] generalized the
initial idea of Chason by coupling the kinetic equation of atom incorporation
into the GB [14, 15, 51] to an atomic stress diffusion equation. The driving
force for the atomic diffusion is the gradient of chemical potential induced by
the stress in the GB as in Cooble creep mechanism. The model is not ana-
lytical and requires a numerical solution, but some general considerations can
be made. The build-up of the stress gradient over the layer thickness during
growth depends on two time scales: (i) that of the diffusion of stress along the

GBs td =
h2
0LkT

a3δDgbMf
and (ii) the total time required to deposit the layer tg = h0

R .

h0 corresponds to the onset of the validity of the model, i.e. the formation of
a continuous layer. It will be assumed to be h0 ' 10 nm hereafter (see Fig. 1).
Dgb is the diffusion coefficient along a GB of width δ. The product δ × δDgb is
the quantity typically determined in the so-called type-B kinetic measurement
of the diffusion of radiotracer elements involving both diffusion along the GB
and into adjacent crystals. At low temperatures, only the former mechanism is
active (so called type C-kinetic). Sommers et al. [67] accurately measured both
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in the case of Ag and the values extrapolated for the growth temperature of
this work (∼ 320 K) are δ.Dgb ' 1.4 10−29 m3.s−1 and Dgb ' 1.1 10−17 m2.s−1.
With L ' hf = 40 nm [29], a3 = 17.1 Å3, Mf = Ef/1 − νf = 131.7 GPa and
R = 0.54 nm.s−1 (Table 1), one finds td ' 535 s and tg ' 18.5 s. Using these

time values, Guduru et al. [66] defined a dimensionless growth rate R̃ = 4πl0td
Ltg

to distinguish between fast and slow stress diffusion cases. The herein obtained
value R̃ ' 100� 1 in the case of sputtering demonstrates that the film deposi-
tion rate is fast compared to the stress diffusion time through the film thickness,
resulting in sizeable stress gradient along the film thickness.

At the extreme limit of very low-GB mobility [15] (without grooving), only
the stress in the last atomic plane can relax via the out-diffusion of atoms,
leading to an average stress that reads:

σgb(t) =
a

hf

[
σC + (σss − σC) exp

(
− t
τ

)]
. (13)

Again, the stress σgb(t) relaxes exponentially, but it is characterized by a much
lower amplitude and a faster characteristic time compared to the opposite case
of fast diffusion limit (Eq. 9; a

hf
= 0.006). Therefore, in the spirit of Eqs. 9 and

13, a natural ansatz in the case of intermediate diffusion rates would read:

σgb(t) '
hgb
hf

[
σC + (σss − σC) exp

(
− at

hgbτ

)]
(14)

where hgb is a measure of the stress gradient depth. In other words, it is equiv-
alent to say that the release of stored stress σss − σC happens over a limited
depth, i.e. hf∆σgb = hgb(σC − σss). The linear regression of Fig. 8-a gives
hgb ' 14 nm and σC ' 0 MPa. Actually, hgb is very close to the diffusion
length Lgb =

√
3τgbDgb ' 10 nm calculated for 3τgb, the time to release ex-

ponentially most of the GB stress amplitude by atomic diffusion. Finally, the
small σC corresponds to an equilibrium of chemical potentials between GBs and
surface [14, 16].
As the experimental relaxation times are well decorrelated (τsurf/τgb & 6), the
groove deepening does not relax the compressively stressed material inside the
GBs, as initially supposed [18]. It most likely gives access to deeper stressed
layers, so that the atom out-diffusion mechanism that already emptied surface
layers can occur. A rough estimate of the groove deepening ∆hf is obtained by
assuming that the observed amplitude hf∆σsurf is the sum of the relaxation
σss − σC over a depth ∆hf of buried layers and of a release of residual stress
σC due to GB opening over the depth ∆hf :

hf∆σsurf ' ∆hf (σC − σss) + ∆hfσC = −∆hfσss (15)

Calculations give again a value of ∆hf ' 10 nm (see Fig. 10). As described in
the seminal work of Mullins [68], where the diffusive mass transport is driven
from the local curvature at the surface, a GB groove deepens as:

∆hgr = 0.973 tan ξ(Bt)1/4 (16)
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Figure 10: Evolution of the estimated groove deepening ∆hf during relaxation, as a function
of the sputtering power and pressure.

where ξ is the initial opening angle of the groove and B = Dsγa
3ρ

kT a proportional-
ity factor calculated from the surface diffusion coefficient Ds, the surface energy
γ and the surface density of atoms ρ. Using T = 320 K, Ds = 2.5 10−12 cm2.s−1,
γ = 1.2 J.m−2 (References [69, 70]) and tan ξ ' 1, one finds that the groove
deepening reaches a depth of ∆hgr ' 7 nm after ∼ 3τsurf , that corresponds to
the time to relax most of ∆σsurf . The apparent good agreement with the above
estimate of ∆hf (Fig. 10) hides somehow the fact that the capillar approach of
a curvature-driven diffusion ignores the crystalline nature of the grains [58, 59].
In principle, a groove will lock when it reaches its equilibrium angle, in similar
way as observed during film dewetting [58].
Nevertheless, the ∆hf variation with power and pressure parallels the thickness
evolution of the tensile peak and therefore the percolation threshold (Fig. 1).
This correlation is ascribed to the presence of grains, and therefore to GBs,
closer to the equilibrium shape at lower pressures in agreement with the re-
duced deposition rate and the thermalization of the atomic species (Table 1).
The slowdown of the groove deepening at higher pressures 1 (Fig. 4-d) reinforces

1A variation of the kinetic of diffusion due to a faster cooling at lower pressures can not
explain a change of one order of magnitude of τsurf . Taking a constant diffusion length scale√
Dτsurf , an Arrhenius dependence of the surface diffusion coefficient yields to

∆τsurf

τsurf
=
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this interpretation.

4. Stress relaxation after interrupted deposition

Intermediate relaxations can be used as a lever to control the film mi-
crostructure and to confirm the previous interpretations obtained in the case
of continuous sputter deposition. The idea is to interrupt the growth periodi-
cally with a shutter to allow for intermediate relaxation periods while record-
ing stress-thickness during the whole process. Interruptions favour the return
to thermodynamic equilibrium, the change of grain shape at the film surface
through diffusion and the heat dissipation thus resulting in lower mechanical
post-deposition relaxation amplitudes. Keeping in mind the orders of magni-
tude of the relaxation time constants (τgb ' 3 s, τsurf ' 20 s and τth ' 200 s),
two ratios ∆ton/∆toff of growth/interruption times were selected at 1s/5s and
1s/15s to favour, or not, the change of grain surface shape. Continuous and
sequential growths were compared for similar sputtering conditions (P = 50 W;
p = 5 µbar). The number of periods n was adapted to reach the same final
thickness hf = 40 nm.

Figs. 11-a,b show the stress-thickness evolution during continuous and inter-
rupted growth and its post-deposition relaxation. It is interesting to note that
the tensile peak and the percolation threshold are shifted to higher thickness
upon increasing the duration of deposition interruption. During interruptions,
the isolated islands tend to dewet, thus delaying the formation of GBs. Once
GBs are formed, GB grooving takes place during the relaxation intervals. This
phenomenon leads to the formation of larger grains as shown by AFM images
of the deposited films at the end of the growth (Fig. 12).

The previously introduced fit with three exponential terms (Eq. 2) was ap-
plied to the final relaxation at the end of growth of the 40 nm film (Fig. 11-c,d).
The thermal stress component could again be easily identified thanks to its spe-
cific time constant. Similarly to the continuous process, the temperature at the
end of deposition ∆Tth can also be calculated from the thermal stress relaxation
amplitude (Eq. 3), and compared to the final estimated temperature increase
∆Tnend after n = 74 cycles of interrupted growth. By neglecting transient effects,
this latter can be obtained from a straightforward geometric series sum applied
to the continuous heating/cooling temperature dynamics (Eqs. 4):

∆Tnend = ∆Tmaxheat exp (−∆toff/τcool) (17)

× [1− exp (−∆ton/τheat)]
1− exp (−n∆ton/τheat)

1− exp (−∆ton/τheat)
.

−∆D
D

= −Ea∆T
kT2 . For a ∆T ' −20 K and wide range of activation energy Ea = 0.1− 0.5 eV,

the variation of the relaxation time remains modest in the range of 0.3-1.5 and can not explain
the experimental observations (Fig. 4-b).
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Figure 11: (a) Stress-thickness evolution during continuous or interrupted sputter depositions
of Ag as indicated in figure (P = 50 W; p = 5 µbar). Relaxation during growth interruptions
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Figure 12: Topographic AFM images obtained after (a) continuous and sequential growths at
(b) ∆ton = 1 s/∆toff = 5 s and (c) ∆ton = 1 s/∆toff = 15 s. Silver layers were capped by
a thin TiO2−x (3 nm) layer to prevent atmospheric effects.
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In a reassuring way, both temperature increases ∆Tth and ∆Tnend are in close
agreement (Table 4).

∆ton
∆toff

∆σth (MPa) ∆Tth (K) ∆Tnend (K)

∞ 40.0 22.2 17.9
1/5 22.5 13.8 16.6
1/15 15.0 6.7 6.4

Table 4: Fit parameters of mechanical stress relaxation after the end of deposition for contin-
uous and interrupted growths of a hf = 40 nm thick film. See text for definitions.

The final stress relaxation amplitude of the obtained film (Fig. 11-b) is re-
duced by a factor 2 for ∆toff = 5 s and 2.7 for ∆toff = 15 s compared to
continuous deposition. However, the sequential stops and the corresponding
short relaxations reduce the amplitudes ∆σgb and ∆σsurf in a ratio that is
more important for the fastest effect, namely the GB mechanism (Fig. 11-c,d).
The correlation between relaxation amplitude and density of GBs is in line with
the observations of Flötotto et al. [19], who found that the relaxation amplitude
is inversely proportional to the grain size. Interruptions correspond somehow
to a reduction of the average growth rate, the effect of which, as observed with
evaporation, is to favour grain growth. The intrinsic characteristic times τgb and
τsurf are pretty similar for the three growth procedures, showing that the un-
derlying temporal dynamics are poorly dependent on the grain microstructure
and surface, as long as the film is percolated (see below Section 5).

5. Stress relaxation in non-percolated films

Up to now, only the stress relaxation of continuous films (hf = 40 nm) has
been scrutinized leading to nearly constant characteristic times. This section
is dedicated to the study of relaxation at intermediate thicknesses of 5, 9 and
20 nm, corresponding to different morphologies of the final film [1, 5, 71] but
obtained at similar deposition conditions (Fig. 13-a). At 5 nm, the film is be-
yond the compression peak (Fig. 1-a) and film consists of isolated islands in
the regime of late coalescence. At 9 nm, the film is in-between the percolation
threshold and the formation of a continuous layer (Fig. 1-a). The 20 nm film
corresponds to a continuous and homogeneous layer slightly thinner than the
reference one studied up to now (hf = 40 nm). The stress measurements show
a clear increase of the final relaxation amplitude with thickness (Fig. 13). All
curves could be fitted with two (hf = 5 nm) or three (hf = 20; 40 nm) expo-
nential terms, except that of the hf = 9 nm thick film that displays an unusual
maximum.

At a thickness of 5 nm, the thermal stress can not be reasonably included
in the fit because its amplitude is small (∆Tend ' 2 K). At the same time, re-
laxation phenomena are faster at this stage, given that the discontinuous film is
quite unstable. Since the GBs are not fully developed and grains are closer to an
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Figure 13: Stress relaxation curves of films having different final thicknesses (P = 50 W,
p = 2 µbar). Corresponding fitted (a) time constants and (b) amplitudes, obtained using two
or three exponential components.

equilibrium shape at this stage of the growth, GB grooving is less effective. This
hypothesis is supported by the much smaller ∆σsurf value reported in Fig. 13-c.
On the other hand, ∆σgb is poorly affected by the initial thickness of the film,
despite an increase of a change of GB height. Assuming a single grain across
the film thickness, this finding implies that the out-diffusion of atoms does not
involve the entire depth of the GB. As put forward in Section 3.7, a likely hy-
pothesis is a kinetic limitation of the atom diffusion along the GBs, but not from
the GBs to the surface. The smallest explored thickness sets an upper bound for
the corresponding diffusion coefficient h2

f/τgb = 2.5 10−17 m2.s−1, in close agree-

ment with the values reported in the literature [67], Dgb = 1.1 10−17 m2.s−1.
Phenomena at 20 and 40 nm thicknesses are similar in terms of time constants.
If the increase of ∆σth is the sign of an enhanced heating at 40 nm, the in-
crease of ∆σsurf (as already shown in the case of gold [20]) is explained by a
smoother surface at 40 nm, which is more prone to grooving. Finally, at 9 nm
thickness, the slight compression that happens after the initial relaxation (above
t = 100 s; Fig. 13) remains puzzling since it does not appear at lower thickness.
The last holes present in this close-to-percolation layer might be zones with a
high chemical potential that favor new atom insertion.

6. Conclusion

Stress relaxation has been analysed in continuous Ag films deposited by
direct-current sputtering at various powers and pressures. Its evolution could
be fitted using three exponential terms with characteristic times spanning three
orders of magnitude (from 1 s to 102 s). To clearly identify the term related to
thermal stress, heating during growth and cooling during relaxation were mon-
itored by thermocouple measurements and analysed with the help of a calori-
metric model. Through gas conduction, high pressure has been found to favour
slower heating and faster cooling. The increase of power, by contrast, has little
effect on the final temperature because the heat flux is compensated by the de-
crease of deposition time for a fixed final thickness. A nearly constant deposited
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energy per atom is reported for Ag (15 eV.atom−1) upon varying power or pres-
sure. For the thermal stress, similar characteristic times (around 200 s) and
temperature rise (around 20 K), determined from stress variation amplitude,
were obtained for both continuous growth and interrupted deposition. Based
on a comparison between continuous/interrupted sputtering, evaporation, (thin)
discontinuous film relaxation and Mo deposition, the two other exponential com-
ponents of the stress relaxation dynamics were assigned to the out-diffusion of
atoms from GB (τgb ' 3 s) and to a change of the shapes of grains at the surface
via GB grooving (τsurf ' 20 s). Their interplay was theoretically analysed in the
framework of Chason’s kinetic model of stress evolution. The existence of cor-
responding distinct exponential stress relaxation components was rationalized.
In agreement with modelling, only the amplitude of the GB mechanism scales
linearly with the steady-state stress during growth. However, as confirmed by
the order of magnitude of the diffusion coefficient, the obtained slope and the
nearly constant relaxation time point at a kinetic limitation of the diffusion of
atoms along the GBs. GB grooving likely favours the release of stress in buried
layers, a fact that appears rather as a consequence of surface diffusion than as its
driving force. The present study demonstrates the existence of several channels
of stress relaxation in metallic thin films and paves the way to their detailed
analysis in many different deposition conditions.
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