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A B S T R A C T

The stability, reactivity and functionality of modern nanostructured and nanoarchitectured materials, like nano-
multilayers (NMLs) and nanocomposites (NCs), are generally ruled by fast short-circuit diffusion of atoms along
internal interfaces, such as phase and grain boundaries (GBs), at relatively low temperatures. Residual stresses
can have a significant effect on the kinetics of short-circuit diffusion in these nanomaterials, which has been
largely neglected up to date. We present a combined experimental-modelling approach for deriving stress-free
activation energies (and related diffusion coefficients) for the grain boundary diffusion of a given element across
an inert barrier nanolayer, which can be utilized to perform fundamental investigations and model predictions of
GB diffusion kinetics across inert barrier nanolayers in the presence of a varying stress field. The method was
applied to investigate the diffusion of Cu along W grain boundaries in Cu/W nano-multilayers in the temperature
range from 400 °C to 600 °C. Firstly, the GB diffusion kinetics as function of the temperature and stress state were
determined from experiment by combining in situ heating AES analysis and ex situ XRD stress analysis. The
experimental data were compared to model predictions from a modified Hwang–Balluffi model, which accounts
for a varying stress level within the barrier during the annealing. The extracted stress-free activation energy for
grain boundary diffusion of Cu in W (~0.29 eV) is substantially lower than the respective experimental value for
a high compressive stress within the W barrier nanolayer. The corresponding stress-free Cu GB diffusion coef-
ficient in W equals = ± × − ±∗ −D (3.2 0.6) 10 exp( 0.29 0.02eV/kT) cm /sb

15 2 .

1. Introduction

Grain boundary (GB) diffusion plays a major role in the engineering
of nanocrystalline materials [1]. In low-dimensional materials with an
ultrafine grain structure, e.g. thin nanograined films or nano-multi-
layers (NMLs), the thermal stability of the microstructure and its evo-
lution upon low-temperature thermal treatment are predominantly
governed by the atom diffusion fluxes along internal interfaces, e.g.
grain boundaries and phase boundaries, acting as short-circuit paths for
fast atom transport [2,3]. Only at relatively high temperatures with
respect to the bulk melting temperature (i.e. for T > 0.7Tm, where
Tm denotes the melting temperature of the solid), volume (lattice) in-
terdiffusion can become dominant and result in Kirkendall porosity

and/or the formation of interfacial reaction layers [4,5]. Control of the
diffusion fluxes along the GBs and internal interfaces at relatively low
temperatures (T < 0.5Tm) provides a tool for designing the micro-
structure and integrity down to the nanoscale [6–8] and thereby for
tailoring the properties of functional nanomaterials and nanoarchi-
tectures. For instance, controlling the grain boundary diffusion kinetics
is crucial for the performance of thin film diffusion barriers of inter-
connects in microelectronic devices [9,10]: doping through GB diffu-
sion can occur, which alters the electronic and thermal conductivity
[11]. Furthermore, atomically sharp interfaces are essential for NMLs
used for x-ray and neutron mirrors, as well as for spintronic applica-
tions: for such NML applications, grain boundary diffusion along triple
junctions can play a major role in the sharpening of interfaces [12]. The
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performance of spin-valve multilayers can also be degraded by grain
boundary diffusion [13].

Nanoscale diffusion is the main cause for thermal degradation of
NMLs can also be exploited in a positive way, for example, for the
fabrication of metallic nanocomposites (NCs). In the latter case, starting
from a NML structure of alternating nanolayers of two immiscible
metals, the high-temperature thermal degradation of the NML proceeds
by diffusion-controlled thermal grooving of grain boundaries, pinching-
off of the nanolayers and subsequent spheroidization of residual layer-
fragments, leading to a NC architecture [14–17]. The NML-to-NC
transformation provides a possibility to tune the NC microstructure (as
well as e.g. the mechanical [18], thermal [19] and electrical [20]
properties) by controlled variation of the relative volume fractions and
sizes of the constituent phases of the initial NML [17]. A recent study on
the NML-to-NC transformation in the immiscible system Cu/W [14,17]
showed that GB diffusion of Cu atoms along W GBs becomes already
thermally activated at low temperatures in the range of 400 °C < T <
600 °C, and acts as the initial stage of the NML degradation process
[17]. The initial stage of GB diffusion of Cu is postulated to proceed
preferentially along high-angle W GBs in the GB network of the barrier
layer, as is the case for e.g. Si diffusion within the high-angle GBs of Al
layers [21]. The NML-to-NC transition then proceeds at a somewhat
higher temperatures of T ≥ 700 °C by the thermally-activated transport
of W atoms along the majority of internal interfaces (e.g. phase and
grain boundaries), leading to progressive degradation of the nano-
layered structure.

In general, NMLs prepared by magnetron sputtering exhibit large
internal residual (macro-)stresses, which have a pronounced effect on
the NML-to-NC transition [14,17,22]. Cu/W NMLs were found, in
particular, to exhibit considerable compressive stress in the as-de-
posited state due to the large interface stress originating from partially
coherent Cu(1 1 1)/W(1 1 0) interfaces, which prevails over the su-
perimposed deposition (growth) and coherency stresses [17]. The re-
sulting stress fields at the W GBs affect the chemical potential gradient
and diffusivity of Cu within the W GBs [23] and thereby the kinetics of
the NML-to-NC transition during annealing. According to Ostrovsky
et al. [24], stress in a diffusion barrier can substantially modify the GB
diffusion (including self-diffusion): the mean stress can either accel-
erate or decelerate the diffusion flux in the GB through the modification
of the (effective) activation energy for diffusion, while the stress gra-
dient changes the saturation level of the diffusant concentration on the
barrier layer surface. Also, Balandina et al. [25] experimentally de-
monstrated for the Cu/Ni system that the presence of stress gradients in
a Ni diffusion barrier modifies the effective GB diffusion coefficient of
Cu atoms with respect to the stress-free state. Hence, the effect of stress
fields on GB diffusion needs to be accounted in the derivation of stress-
free value of the activation energy and diffusion coefficient from ex-
periment, since the stress-free value is required as an input to any
model calculation.

GB diffusion in thin films is commonly studied by the surface-ac-
cumulation method [26–33]. This method is applicable for the low
temperature range at which volume diffusion is kinetically frozen and
mass transport in the thin film is mainly governed by GB diffusion with
negligible leakage of the GB diffusing species into the adjoining grains
of the chemically inert barrier (classified as Type C kinetics [34]). In
this regime, the diffusing atoms (diffusant) migrate through the GBs to
the free surface of the chemically inert barrier layer and accumulate
there, often aided by surface diffusion [35]. In the surface-accumula-
tion method, the GB diffusion coefficients are derived by measuring the
time evolution of the average diffusant concentration on the surface of
the thin film during isothermal annealing. These experiments can be
well performed using in situ surface-sensitive analytical techniques, like
in situ heating Auger Electron Spectroscopy (AES), for film thicknesses
in the nanometer range (≤10 nm). At relatively low annealing tem-
peratures, grain coarsening and recrystallization of the barrier layer
proceed only very slowly, thus largely preserving the GB microstructure

during the diffusion experiment. The conventional kinetic evaluation of
the surface-accumulation method, however, does not consider the in-
ternal stress in the diffusion barrier and unfortunately, up to date, only
very few experimental studies on the effect of stresses on GB diffusion
have been reported [25].

In the present study, in situ heating Auger Electron Spectroscopy
analysis is applied to investigate the GB diffusion of Cu along W GBs in
Cu/W NMLs, focusing on the effect of internal stresses in the W nano-
layers on the GB diffusion kinetics. A diffusion model, which includes
the time evolution of stress in the barrier layer during annealing, is
derived and applied to extract the stress-free diffusion coefficients and
activation energies for the GB diffusion of Cu in W. A fundamental
understanding of the kinetics of Cu diffusion in GBs in dependence of
the stress evolution during annealing is presented and related to the
rate of the NML-to-NC transformation.

2. Experimental methods

Cu/W NMLs were deposited at room temperature on 10 × 10 mm2

polished α-Al2O3 (0 0 0 1) single-crystalline wafer substrates (i.e. sap-
phire-C wafers) by magnetron sputtering in an ultrahigh vacuum
chamber (base pressure < 10–8 mbar) from two confocally arranged,
unbalanced magnetrons equipped with targets of pure W (99.95%) and
pure Cu (99.99%). Before insertion in the sputter chamber, the sapphire
substrates were ultrasonically cleaned using acetone and ethanol. Prior
to the deposition, possible surface contamination on the α-
Al2O3 (0 0 0 1) substrate was removed by Ar+ sputter cleaning for
5 min applying an RF Bias of 100 V at a working pressure of
1.6 × 10−2 mbar. The RF Bias was maintained during the NML de-
position at a working pressure of approximately 5 × 10−3 mbar. First,
a 25 nm thick W buffer layer was deposited on the sputter-cleaned
substrate. Next, NMLs consisting of 20 repetitions of a Cu/W building
block were deposited on top. Two NML configurations were prepared
by controlled variation of the Cu and W nanolayer thicknesses of the
Cu/W building block (bilayer): 10 nm Cu / 3 nm W (10Cu/3W) and
5 nm Cu / 5 nm W (5Cu/5W). Detailed cross-sectional analysis of the
Cu/W NMLs before and after thermal annealing at different tempera-
tures by High-Resolution Scanning (HR-SEM) and Transmission
Electron Microscopy (HR-TEM) are reported elsewhere Refs.
[14,17,22]. These studies show that the Cu/W NMLs degrade into a
nanocomposite only at annealing temperatures above 800 °C (for
100 min in vacuum). Importantly, in the immiscible Cu/W system, no
compound intermediate layers were observed at the evolving Cu/W
interfaces during the annealing.

In situ Auger electron spectroscopy annealing was performed using a
Physical Electronics PHI-4300 SAM system equipped with a cylindrical
mirror analyzer (CMA; constant relative energy resolution ΔE/E of
0.3%) and a coaxial electron gun operating at 5 keV with an emission
current of 50 μA. Analysis was conducted with a beam current of 30 nA,
resulting in an electron beam spot of about 1 µm with an accumulation
time of 20 ms/eV. Before in situ analysis, each sample (NML) was he-
ated-up during 40 min to the annealing temperature, assuming that the
heating-up time is sufficient for establishing a quasi-steady-state in the
W GB network structure [26]. Each spectrum was recorded with 15
iterations with a total duration of around 6 min. The annealing time for
each data point includes the time for recording the spectra. The Auger
instrumental detection limit for most of atoms ranges between 0.01 and
0.1 at.%. In our used experimental conditions, the Cu detection limit is
around 0.1–1 at.%. The thermal dose of the focused electron beam on
the Cu/W NML was estimated using the models proposed by Friskney
et al. [36] and Hofmann et al. [37] (using the thermal conductivity of W
as the lower-bound of the thermal conductivity in the NML): the cal-
culations indicate that the increase in sample temperature due to the e-
beam irradiation does not exceed 1.5 K, which is in the range of the
measurement error of the temperature and can thus be neglected. No-
tably, the recorded spectra from the surface of as-deposited NMLs (i.e.
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before annealing) did not reveal any signal of residual Ar atoms, which
might be implanted into the nanolayer during the sputter deposition
process. Minor surface contaminations from adventitious carbon and
oxygen, as measured in the as-deposited state before in situ annealing,
could no longer be detected during the annealing.

The evolution of the Cu signal intensity in function of annealing
time was measured by monitoring the ratio of the peak-to-peak in-
tensities of the Cu LMM (920 eV) and W MNN (1736 eV) Auger lines.
Annealing was performed at three different temperatures, 400 °C
(673 K), 500 °C (773 K) and 600 °C (873 K). In situ monitoring of the
temperature was performed using an Eurotherm regulator (919/909
model) with a Chromel-Alumel thermocouple junction fixed on the
sample holder clamp. The pressure in the ultra-high vacuum chamber
was maintained in the 10−10 mbar range during the annealing. The
recorded spectra were processed in a derivative type (differentiation
with 5 points, Savitzky-Golay smoothing with 5 points) using the
MultiPak v6.1A program package, which included Auger sensitivity
factors for the Cu LMM and W MNN Auger lines.

A Bruker D8 Discover X-ray diffractometer operating in Bragg-
Brentano geometry with Cu K α1,2 radiation (including Ni filter) at
40 kV / 40 mA was used to measure the internal stress in point focus
geometry. Stress analysis was carried out using the Crystallite Group
Method (CGM) [38], suitable for highly textured systems (the deposited
Cu/W NMLs possess a pronounced in-plane and out-of-plane texture
[14,22]). Multiple reflections belonging to the Cu<1 1 –2> and
W<1 –2 1> crystallite groups were selected for the stress analysis. All
annealed NMLs were measured ex situ after cooling down to room
temperature (RT). In situ stress measurements were carried out using a
domed hot stage for four-circle goniometers (DHS 1100) in a vacuum
atmosphere of 10−1 mbar, mounted directly on the D8 diffractometer.
For the in situ stress measurement the sin2ψ method was applied to the
W(2 1 1) reflection [39] (see Supplementary Information, S. II). The
reference strain-free bulk lattice parameters of Cu and W are
acu = 3.615 Å [40] and aw = 3.165 Å [41], respectively (taken at room
T). The values of elastic constants used in the stress calculation are
taken from Refs. [42] (for Cu) and [43] (for W).

3. Methodology

Consider the case of a thick layer with an infinite source of diffusant
atoms, which is covered by a chemically inert surface barrier, as

sketched in the left panel of Fig. 1. Bulk and GB diffusion of the dif-
fusant in the barrier layer can be separated by selecting the temperature
range at which these different diffusion regimes become thermally ac-
tivated. According to Harrison [34], for Type C kinetics (applicable for
temperatures lower than the half of the diffusion barrier melting point,
i.e. for T < 0.5Tm), GB diffusion prevails over volume diffusion, i.e.

≫D DGB lattice. If GB diffusion prevails, the diffusant atoms (source) will
diffuse through the GB network of the barrier layer to the free surface
(sink), and then gradually spread out over the barrier layer surface by
surface diffusion, eventually forming a several atomic layers thick
segregated film (see left panel in Fig. 1). Generally, the surface diffusion
coefficient is much larger than the GB diffusion coefficient

≫ ≫D D Dsurface GB lattice [35], which prevents local accumulation of dif-
fusant atoms on the surface.

For the above case, an approximate equation for the concentration
of diffusant atoms on the barrier surface as a function of time was de-
rived by Hwang and Balluffi [35]. In their model, a thin barrier film of
thickness h with an average columnar grain width d is considered. The
barrier film contains an array of parallel GBs, which are treated as
rectangular slabs of uniform thickness δ with a constant diffusion
coefficient Db (all parameters are presented in the left panel of Fig. 1). A
quasi-steady-state in the GB is considered, which implies that the
concentration of diffusant atoms in the GB rapidly adjusts itself for
every concentration change of diffusant atoms at the free surface. A
linear concentration profile of diffusant atoms within the GB is as-
sumed.

The average concentration of diffusant atoms cs on the barrier sur-
face as a function of time t for a uniform surface concentration is ex-
pressed by («Hwang–Balluffi model»):

= − −c t c k
k

St( ) [1 exp( )],s 0

''

' (1)

where

=S δ
δ

D
k dh
2

s

b
'' (2)

and

= ⎛
⎝

− ⎞
⎠

D D E
kT

exp .b
A

0 (3)

The value δs corresponds to the thickness of the segregated atom

Fig. 1. Illustration of the in situ AES analysis of Cu diffusion in W GBs in Cu/W NMLs. Parameters used for the diffusion models are shown on the left panel. A
scanning electron microscopy image of a Cu/W NML cross-section is shown on the right panel.
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film on the accumulated surface; d2/ is the GB density for a barrier layer
having columnar grains of width d; =k c c/s eq b eq

''
, , and =k c c/eq b eq

'
0, , are

segregation coefficients, defining the local equilibria at the junction of
the GB with the free surface and at the junction of the GB with the
source layer, respectively (with cb eq, and c eq0, being the concentrations
in the GB and in the source layer). D0 is the pre-exponential factor of the
GB diffusion coefficient and EA the effective activation energy for GB
diffusion derived by Hwang–Balluffi model; k is the Boltzmann con-
stant. This solution is applicable if the concentration of diffusant atoms
at the barrier GB/source interface remains constant with time
( =c const0 ).

The effect of internal stress of the diffusion barrier on the rate of GB
diffusion was comprehensively investigated by Ostrovsky et al.
[23,24,44] A mean stress σii in the barrier layer, as well as a linear stress
gradient parallel to the GB plane were considered. However, for barrier
layer thicknesses in the nanoscale regime, the impact of stress imposed
by the source/barrier interface, the so-called interface stress [45], can
prevail over all other stress contributions (e.g. growth stress, coherency
stress) and thus dominate the mean stress state of the barrier layer.
Interface stress can be especially significant for interfaces between
materials with high lattice mismatch (i.e. forming high misfit disloca-
tion density) as is the case for the studied Cu/W system [46]. For in-
dividual layer thicknesses in the nanoscale regime, as for the Cu/W
NMLs under study, the variation of stress across the nanolayer will be
considerably smaller than the mean stress value σii, and, consequently,
the stress gradient across the diffusion barrier may be neglected.

A mean stress σii in a barrier layer modifies the activation energy
term in the general expression of the GB diffusion coefficient according

to [24]:

=
⎛

⎝
⎜⎜

−
− ⎞

⎠
⎟⎟

= ⎛
⎝

⎞
⎠

∗
∗D σ D

E

kT
D σ

RT
( ) exp exp Ω

3b
A

σ
N

b
ii

0

Ω
3

ii
A

(4)

with

⎜ ⎟= ⎛
⎝

− ⎞
⎠

∗
∗

D D
E
kT

exp ,b
A

0
(5)

where ∗Db is the GB diffusion coefficient in absence of stress (i.e. with
the stress-free activation energy term ∗EA); NA and R are the Avogadro
and gas constants, respectively. = + +σ σ σ σii 11 22 33 is the first invariant
of the stress tensor; Ω is the activation volume for diffusion. Typically,
polycrystalline thin films exhibit an isotropic in-plane state of stress and
then = =σ σ σ11 22 , =σ 033 (the first invariant of stress tensor is =σ σ2ii ).
The presence of compressive mean stress (negative in sign) in the
barrier layer results in an increase of the effective activation energy, i.e.

= +∗E EA A
σ

N
| | Ω

3
ii

A
, while a tensile mean stress (positive in sign) tends to a

decrease it, i.e. = −∗E EA A
σ

N
| | Ω

3
ii

A
.

During isothermal annealing, stresses in the barrier σii can gradually
relax due to the thermal activation of internal stress relaxation me-
chanisms such as creep [47] or material outflow to the surface [48], or
mechanical processes such as buckling [49] or cracking [50].

Assuming that the stress relaxation with time σ t( ) occurs in-plane
isotropic and follows a linear dependence, the mean stress σ t( )ii is given
by:

= = +σ t σ t σ bt( ) 2 ( ) 2( ),ii 0 (6)

Fig. 2. Time dependence of c c k k( / )( / '')s 0
' calculated for different mean stress–time evolutions σ t( )ii (S = 0.001, P = 0.326 × 10−9). Exemplary calculated de-

pendence on (a) the initial (compressive) mean stress σ0 (constant slope b = 5·10−5 1
s
) and (b) the stress relaxation rate for a constant initial mean stress σ0 = –3 GPa.
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where σ0 is the initial stress in the barrier ( =t 0), b is defined as the
stress relaxation rate.

The modified expression for the average concentration of diffusant
atoms on the barrier surface cs as a function of time t , accounting for the
stress σ t( ) in the barrier layer, can then be expressed as («Stress
model»):

= ⎡
⎣

− ⎤
⎦

− +c t c k
k

e e( ) 1s
S
Pb Pσ S

Pb P σ bt
0

''

' 2 exp(2 ) 2 exp(2 ( ))0 0

(7)

where

=
∗

S δ
δ

D
k dh
2

,
s

b
'' (8)

where =P RTΩ/3 . In contrast to the original Hwang–Balluffi model,
the factor S now includes the stress-free GB diffusion coefficient, ∗Db ,
pertaining to Eq. (5). The derivation of Eq. (7) is given in the
Supplementary Information, P.I. If the barrier stress is constant with
time ( =b 0), a modified version of the Hwang–Balluffi model (Eq. (1))
with a constant stress contribution term can be derived (see Eq. S6 in
Supplementary Information, P.I.). Stress-free GB diffusion coefficients
with their respective stress-free activation energy ∗EA (at a given tem-
perature) can be obtained by fitting c t( )s to the respective experimental
data, while incorporating the experimentally determined time-depen-
dent stress evolution σ t( )ii .

A parameter study was performed on the basis of Eq. (7) to in-
vestigate the course of the surface diffusant concentration (normalized

by a factor of c k
k

0
''

' ) at different temperatures and for different stress

evolutions σ t( )ii (Fig. 2). It follows that the kinetics of the surface
concentration evolution significantly depends on the compressive
stresses in the barrier: for higher compressive barrier stresses, satura-
tion of the surface diffusant concentration is reached only after longer
annealing times (Fig. 1(a)). Even pronounced relaxation of the com-
pressive barrier stresses during annealing (corresponding to the slope of
σ t( )ii in the right panel of Fig. 2(b)) still considerably decelerates the GB
diffusion rate.

In practice, the course of the average diffusant surface con-
centration cs during annealing can be easily measured by in situ heating
AES analysis. For quantification purposes, the measured Auger in-
tensities of the diffusant and the barrier should be normalized by the
respective Auger intensities, as recorded from the corresponding pure
bulk samples. The surface accumulation parameter [26,51,52] is then
defined as:

= ∞

∞
q I I

I I
/
/

,A A

B B (9)

where IA and IB correspond to the measured Auger intensities of the
diffusant A and barrier B atoms, respectively; ∞IA and ∞IB are the cor-
responding A and B intensities for the pure bulk references (serving as
experimental Auger sensitivity factors), respectively. Here it is noted
that the Auger intensities are typically evaluated from the peak-to-peak
heights of derivative AES spectra, since it removes the inelastic electron
background intensity.

The surface accumulation parameter q relates to the surface diffu-
sant concentration cs according to [26,51,52]

=
−

− −
q

c α
c α
(1 )

1 (1 )
s A

n

s B
n (10)

⎜ ⎟= ⎛
⎝

− ⎞
⎠

α
λ φ

exp 1
cos

,i
(11)

where αi is the so-called attenuation parameter for the solid consisting
of atoms of type =i A, B, which includes the inelastic mean free path
(IMFP) λ and the emission angle φ of the Auger electrons with respect
to the sample surface normal. The parameter n corresponds to the
number of diffusant monolayers which have segregated on top of the

barrier layer. Note that the amount of monolayers affects the value of
δ δ/ s in the parameter S (Eq. (1)) [52]: for one monolayer ≅δ δ/ 2s ; for
two monolayers ≅δ δ/ 1s .

4. Results and discussion

To investigate the influence of stress on the GB diffusion of Cu in W,
two types of Cu/W NMLs with different individual Cu and W nanolayers
thicknesses were studied: 5 nm Cu / 5 nmW (5Cu/5W) and 10 nm Cu /
3 nm W (10Cu/3W). In both NMLs the repetition ends with a W na-
nolayer on top. For the analysis of the GB diffusion kinetics, the upper
Cu and W nanolayers were considered as source and barrier layers,
respectively (Fig. 1). Notably, no intensity from the Cu LMM Auger line
could be detected for the as-deposited NMLs (i.e. prior to the an-
nealing), which fulfills an important requirement for selective mon-
itoring of the surface diffusant concentration at the top W barrier na-
nolayer in time (see Supplementary Information, Part III).

As demonstrated in our previous studies on the thermal stability of
Cu/W NMLs [17,22], the Cu and W nanolayers both possess a large
compressive residual stress in their as-deposited state, which mainly
arises from the high interface stress at the successive Cu/W interfaces.
Thermal annealing leads to a gradual relaxation of these stresses, which
differs for the Cu and W nanolayers (detailed information on the stress
relaxation mechanism can be found in [17,22]). The compressive
stresses in the Cu nanolayers are fully relaxed, and the stress state be-
comes tensile, already after 100 min of annealing in vacuum at 500 °C,
which coincides with the appearance of Cu on the surface of the top W
nanolayer [17]. On the contrary, substantial compressive stress re-
laxation in the W nanolayers occurs only towards more elevated tem-
peratures in the range of 700–800 °C (100 min of annealing), which
coincides with the degradation of the NML structure [17,22]. Notably,
supplementary in situ high-temperature stress measurements (see
Supplementary Information, P.II) showed that the stress in the W na-
nolayers remains constant upon cooling down from intermediate an-
nealing temperatures (i.e. 400 °C ≤ T ≤ 600 °C) down to room tem-
perature. This implies that average stress acting on the W barrier
nanolayer during thermal annealing can be estimated from the average
stress in the W nanolayers, as determined by ex situ XRD (after cooling
down to room temperature; see Experimental methods).

The stress values derived for the Cu and W nanolayers by XRD re-
presents average in-plane stress values. However, due to the presence of
a free surface, the stress level in the top W barrier nanolayer will likely
be lower than the averaged W stress level. Besides, probably a stress
gradient exists from the bottom to the top of the NML, as successive Cu
and W nanolayers can accumulate plastic deformation upon growth.
Hence the experimentally determined average stress for all successive
W nanolayers in the NML stack should be considered as an upper limit
for the stress of the top W barrier nanolayer in contact with the free
surface. Previous experimental studies have indicated that the top
atomic layers of a thin film can show a stress relaxation of up to 50% at
the free surface as compared to the mean film stress [53–55]. Accord-
ingly, as a rough approximation for the model application, the stress in
the top W barrier nanolayer was assumed to be 50% smaller than the
measured average in-plane stress values of all successive W nanolayers
in the NML. The experimentally determined relaxation of the averaged
compressive stress of the W nanolayers with increasing annealing time
(at constant temperature) approximately follows a linear trend (for both
the 5Cu/5W and 10Cu/3W NMLs), as presumed in the applied model
according to Eq. (6).

Experimental analysis of the GB diffusion kinetics during annealing
on the basis of Eqs. (1) and (7) requires a constant concentration of Cu
(diffusant) atoms at the interface between the top W barrier nanolayer
and the Cu source nanolayer underneath, i.e. c0 = 1. This requirement
(i.e. an infinite Cu source) should be fulfilled, because the ultrafine
grain structure of the confined Cu nanolayers provide plenty of short-
circuit paths for fast in-plane supply of Cu to the Cu/W interface,
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preventing local depletion of Cu during the diffusion process [35]. The
compressive stress in the as-deposited Cu nanolayers rapidly decreases
during thermal annealing (see above; even becoming slightly tensile
stress). Hence it may be assumed that the short-circuit diffusion of Cu
atoms in the Cu source nanolayer is not affected by stresses.

The Cu surface concentration on the top W barrier nanolayer of the
5Cu/5W and 10Cu/3W NMLs was monitored by in situ AES annealing at
constant annealing temperatures of 400 °C, 500 °C and 600 °C. These
temperatures are low enough to fulfill the general criterion <T T0.5 m

W

for Type C kinetics, whereTm
W denotes the melting temperature of the W

barrier. Although the melting point Tm
W can be depressed at the na-

noscale (e.g. Tm
W = 2673 °C for 8 nm W nanoparticles [56]), the here

applied temperatures are still sufficiently low to maintain Type C ki-
netics. Reshöft et al. [57] experimentally showed for Cu thin film
growth on a W substrate at slightly elevated temperatures that the
second Cu monolayer only starts to form after the first Cu monolayer
totally covers the W surface. This suggests that the segregation of Cu
atoms by grain boundary diffusion on the W surface also spread out on
the surface into successive monolayers and the local formation of Cu
islands does not occur. In Fig. 3, the measured evolution of the Cu
surface concentration, c t( )s , on the top W barrier nanolayer during
long-term annealing at 500 °C is presented. The respective concentra-
tion curves, c t( )s , of NMLs annealed at 400 °C and 600 °C are shown in
the Supplementary Information, P. IV.

For the derivation of c t( )s , the two monolayer limit (n = 2) was

assumed with λ920eVCuLMM ≈ 7 monolayers, λ eVW1736 MNN ≈ 8 monolayers
[58] and φ = 45° (see Eq. (10)), as proposed by Hwang et al. [26]. The
measured saturation levels of c t( )s are actually less than 1, which im-
plies that the value for n is probably somewhat lower than 2. The k k/'' '

factor also affects the saturation level [51]. However, the estimates of
the number of monolayers n and the associated value of δ δ/ s, will not
affect the determination of the activation energy for GB diffusion using
Eqs. (1) and (7), since the calculated values of the diffusion coefficients
at different temperatures will have the same dependence on δ δ/ s [52],
and the effect on the determination of D0 will thus be negligible.

The classical Hwang–Balluffi model (Eq. (1)), as well as the devel-
oped Stress model (Eq. (7)), were fitted to the measured curves of the
Cu surface concentration versus time for each annealing temperature

introducing the S values and the prefactors, c k
k

0
''

' , as time-independent
fit parameters. The thus obtained S values for T = 500 °C are displayed
in Fig. 3.

Compared to the Hwang–Balluffi model, the Stress model ad-
ditionally requires the estimation of the activation volume for diffusion
Ω. A diffusion activation volume of V0.8 m was found experimentally for
the GB diffusion of Zn in Al, where Vm is the molar volume of Al [59].
Due to the absence of experimental data for the GB diffusion in W, the
activation volume for Cu GB diffusion in W was also assumed as V0.8 m

W

with ≈ ∙ −V 7.69 10m
W 6 m

mol

3
[60].

Provided that no significant microstructural changes of the diffusion

Fig. 3. Cu concentration on the top W barrier nanolayer as function of time, measured by in situ AES heating at 500 °C (773 K) for the 5Cu/5W (5 nm W barrier) and
10Cu/3W (3 nm W barrier) NMLs. The values of S were derived by fitting using the Hwang–Balluffi (HB) and Stress models (Eqs. (1) and (7) respectively). The linear
functions of σ t( ) for the Stress model, as determined experimentally by ex situ XRD, are shown in the right panels. The error bars for σ t( ) were derived from the linear
fit of the lattice parameter as a function of sin2ψ, using the CGM method (see Experimental methods). The error bars for c t( )s were derived from the standard
deviation of the Cu surface concentration, as measured ex situ at fifteen different locations on the 10Cu/3W NML surface, after annealing at 700 °C for 100 min.
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barrier occur during annealing (i.e. the GB structure, surface structure
and grain size remain stable), the values of the GB width (δ), the
thickness of the segregated surface film (δs) and the average columnar
grain size (d) can be taken as a constant for all annealing times and
temperatures studied. As shown in our previous work [22], thermal
grooving of W GBs with concurrent W grain coarsening in Cu/W NMLs
only starts after prolonged annealing, while complete W stress relaxa-
tion only takes place at more elevated temperatures (T > 700 °C).
Although some stress relaxation can occur during the in situ heating AES
study, a significant stress relaxation in the W nanolayers (also in the top
W barrier nanolayer) can be excluded for the studied moderate an-
nealing temperatures and times. Moreover, the in-plane and out-of-
plane texture in the as-deposited 5Cu/5W and 10Cu/3W NMLs (ac-
cording to Cu{1 1 1}< –1 0 1> ||W{1 1 0}< –1 1 1>) is conserved
upon annealing up to 700 °C [22], which suggests that the GB network
of the as-deposited W barrier layers is largely preserved in the current
study. Finally, the local equilibria at the junction of the GB with the free
surface and at the junction of the GB with the source layer, as defined
by the segregation coefficients k '' and k ', can also be taken constant
(although, these local equilibria may show some temperature depen-
dence [51]).

Based on the above assumptions, the activation energy for GB dif-
fusion can be estimated from the experimentally derived S values at
each temperature through an Arrhenius analysis. Fig. 4(a,b) show a
corresponding Arrhenius analysis for the 10Cu/3W and 5Cu/5W NMLs
and also reports the extracted activation energies for GB diffusion of Cu
in W. This results in estimated activation energies for Cu diffusion along
W GBs of ~0.45 eV for the Hwang–Balluffi model and of ~0.29 eV for
the Stress model. This indicates that the presence of high internal

stresses in the W barrier nanolayer increases the effective activation
energy for Cu diffusion in W GBs by a factor of about 1.5. Thus, high
compressive stresses in the W barrier nanolayer considerably slow
down the kinetics of Cu diffusion in W GBs.

In Fig. 4(c), the derived activation energies (EA and ∗EA) are com-
pared to reported literature values, as obtained for other metallic sys-
tems using the Hwang–Balluffi model. The estimated activation en-
ergies of 0.45 eV and 0.29 eV, as determined for Cu GB diffusion in W,
fall well within the very broad range of reported activation energies for
GB diffusion in other metallic bilayer systems (i.e. from about 0.1 eV to
1.0 eV). Notably, the reported activation energies do not consider the
effect of internal stresses in the diffusion barrier on the GB diffusion
kinetics.

For the sputter-deposition of metallic layers with a thickness of
several nanometers, the columnar width of the grains roughly equals on
the order of the layer thickness: i.e. ≅h d. In this case, the diffusion
coefficients can be estimated from the experimentally derived S para-
meters, assuming ≅k 1'' for the two monolayer limit ≅δ δ/ 1s . The dif-
ference between the derived diffusion coefficients for the 5Cu/5W and
10Cu/3W NMLs is within the experimental error of the AES in situ
analysis. The average GB diffusion coefficients of Cu in W for the stress-
free state of the W barrier nanolayer at different annealing tempera-
tures are given in Table 1. The corresponding pre-exponential factor of
the GB diffusion coefficient (Eqs. (5) and (3)) is

= ± × −D (3.2 0.6) 10 cm /s0
15 2 (error is calculated from the least

squares fitting in the ∗D Tln( )(1/ )b logarithmic plot).
The main thermodynamic driving force for the NML-to-NC transi-

tion arises from the minimization of the excess Gibbs energies asso-
ciated with the reduction of internal interfaces (Cu/Cu and W/W GBs

Fig. 4. Experimentally determined activation energies of Cu GB diffusion in W by application of the Hwang–Balluffi and Stress models. (a) and (b) Arrhenius analysis
of S parameters for the 5Cu/5W and 10Cu/3W NMLs, respectively. (c) Comparison of the estimated activation energies from the present study with activation
energies reported for other metallic systems (bilayer thin films, as experimentally derived using the Hwang–Balluffi model for type C kinetics). Error bars for the S
values were derived from the fit of c t( )s . The error for the activation energy is calculated from the least squares fit in Arrhenius plot.
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and Cu/W interfaces) and the relaxation of internal stresses [14,17].
The initial stage of the NML-to-NC transition in Cu/W NMLs, in-
vestigated here by in situ heating AES analysis, proceeds by the diffu-
sion of Cu atoms though the GBs to the surface of the top W barrier
nanolayer. As a result, (high-angle) W GBs may become wetted by Cu
striving to reduce the GB energy. Also the segregation and diffusion of
Cu on the surface of the top W barrier will be associated by a reduction
of the surface energy. Notably, the in situ heating AES analysis showed
that the Cu surface concentration saturates with time, which implies
that the driving forces for GB wetting and surface segregation only
contribute to the initial stage of the NML-to-NC transition. Subsequent
reduction of excess Gibbs energies associated with the internal inter-
faces will require thermally activated diffusion of W at more elevated
temperatures. As such, thermal grooving of the W GBs can proceed,
which eventually leads to a pinching-off of the nanolayers, and a
spheroidization of the microstructure to form a NC [14,17].

5. Conclusions

The diffusion of Cu across W GBs upon annealing of sputter-de-
posited Cu/W NMLs was investigated by in-situ heating AES and ex-situ
XRD, accounting for the effect of compressive stresses in the W barrier
layers on the Cu GB diffusion kinetics. The stress-free activation en-
ergies and diffusion coefficient for Cu diffusion along W GBs could be
determined by fitting the measured course of the surface concentration
of Cu during the annealing to the predicted concentration profiles, as
calculated using a modified diffusion model that accounts for stress
relaxation in the W barrier nanolayer during the annealing

The stress-free activation energy of 0.29 eV for Cu diffusion in W
GBs was found to be considerably lower than the respective value of
0.45 eV, as determined by Hwang–Balluffi without accounting for the
effect of compressive stresses in the W barrier nanolayer on the Cu GB
diffusion kinetics. This analysis shows that the stress state of the dif-
fusion barrier layer can have a pronounced effect on the GB diffusion
kinetics and therefore needs to be accounted for studying diffusion-
controlled phase and/or microstructure transformation kinetics in na-
nocrystalline materials and nanoscale thin films.

The stress-free Cu GB diffusion coefficient in W, as derived in this
study, is of particular importance for predicting the thermal stability of
Cu/W NMLs during annealing and, more specifically, for controlling the
kinetics of the NML-to-NC transformation. The reported diffusion model
can generally be employed to nanoscale thin films and NMLs of various
material systems, where the mean stress evolution with time follows a
linear dependence.
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