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ARTICLE INFO ABSTRACT

Keywords: Thermal treatment of nano-multilayers (NMLs) constituted of alternating immiscible metals, like W and Cu, can
Cu/W nano-multilayers evolve in a nanocomposite (NC) with tailored mechanical, electrical and/or thermal properties. The NML-to-NC
Microstructure

transformation can result in unique material properties of the resulting NC, which can hardly be achieved by
conventional composite fabrication. In this paper, we systematically study the role of the individual Cu and W
layer thicknesses in Cu/W NMLs on the diffusion, internal stress evolution and resulting NC microstructure upon
heating by X-ray diffraction, high-resolution scanning electron microcopy and Auger electron spectroscopy. In the
as-deposited state, a strong compressive stress state of Cu and W is observed, which is governed by a dominating
interface stress contribution of the Cu{111}/W{110} interfaces of 11.25 + 0.56 J/m?. Isothermal annealing of
the as-deposited NMLs with different Cu and W layer thicknesses yields to the formation of nets of Cu protrusions
on the NML surface, acting as a stress relaxation mechanism, which becomes thermally activated at 400 °C. The
kinetics of Cu surface outflow are governed by the initial Cu/W stress state and the individual layer thickness
ratio. During annealing at 700-800 °C, the Cu surface particles diffuse back into the volume of the near stress-free
NML (dissolution), which defines the onset of accelerated degradation of the nanolaminated structure by thermal
grooving, eventually forming a NC. The thickness ratio of Cu and W layers is shown to strongly affect the onset

Interface stress
Residual stress
Nanocomposite

of the NML-to-NC transformation and the final NC microstructure.

1. Introduction

Nano-multilayers (NMLs) and nanocomposites (NCs) are functional
nano-architectures, whose mechanical, chemical and/or physical prop-
erties can be tailored by smart microstructural and interfacial design
[1]. According to definition, at least one of the phase constituents in a
NML or NC should have a dimension in the nanometer range and, conse-
quently, the resulting functional properties are governed by size-effects,
as well as by the atomic and chemical structure of the internal phase
boundaries [2]. Thermal, optical and/or mechanical properties of NMLs
are typically tailored by controlled variation of the interface structure
and individual layer thicknesses [3-5]. Analogously, the properties of
NCs can be tuned by controlled variation of the relative volume frac-
tions and sizes of the constituent phases to improve e.g. the mechanical
strength while maintaining a good thermal conductivity [6,7].
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Physical Vapour Deposition (PVD) is a common technique to fab-
ricate NMLs, since it offers precise control of e.g. the chemical com-
position, individual layer thicknesses and modulation periodicity [8].
Nanocomposites of inorganic (e.g. metals, oxides, nitrides) and organic
(e.g. polymers) phase constituents can be produced by various meth-
ods, such as cold spray, sol gel, spark plasma sintering or CVD [9]. NCs
constituted of two immiscible metals by PVD deposition techniques are
also reported, either directly by co-sputtering or by alternating layer de-
position steps with subsequent high-temperature annealing [6,10,11].
Interestingly, sputter-deposited NMLs of alternating nano-layers of two
immiscible metals can be transformed into a NCs by thermal annealing
[11-14]. The microstructural design of the building blocks of the NML
provides a defined route for tailoring mechanical properties [10,15,16],
electrical [17] and thermal [18] conductivities, as well as the coeffi-
cient of thermal expansion [19] of the transformed NC. However, NMLs
and NCs produced by PVD deposition techniques generally exhibit large
internal residual stresses, which can compromise their thermal stabil-
ity and ultimate performance [20]. As demonstrated in Ref. [21], the
NML-to-NC transformation in Cu/W NMLs upon annealing is preceded
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by outflow of the confined Cu metals to the NML surface, which can be
exploited to achieve a functional bond between two base materials. To
this end, the base substrates (Mo) were pre-coated with the Cu/W NML;
subsequent joining at 750 °C resulted in a solid joint between the base
materials with the joint zone being composed of a spheroidized Cu/W
nanocomposite with an accumulation of Cu at the contact interface [21].

Tungsten-based NMLs are also relevant for many microelectronic ap-
plications as W often acts as a chemically-inert diffusion barrier between
Si-based devices and Cu interconnects [22-24].

Cu/W NMLs have been extensively investigated in their structure
and internal stress [25-27]. For example, Refs. [11,14] investigated the
thermal stability of Cu/W NMLs with 100 repetitions of a bilayer unit,
constituted of one Cu and one W nano-layer with an individual thick-
nesses of 5nm. The onset temperature for the degradation of the NML
into a NC was found to be governed by a stress-relaxation-driven dif-
fusion processes, which were independent of the parent substrate. The
Cu/W NML-to-NC transformation at high temperatures (~800 °C) can be
accompanied with Cu surface outflow at lower temperatures (~500 °C)
through a stress relaxation process. Previous investigations of the NML-
to-NC transformation were only performed for fixed W and Cu layer
thicknesses of 5nm each [11,14]. The individual layer thickness directly
scales with the average grain size [14] so by changing the Cu and W
thickness is like changing the grain size of the NML constituents. In
the current study, the W and Cu layer thicknesses were varied between
3-10nm (for a fixed number of 20 repetitions) to reveal the effect of
the NML design and intrinsic stress state on the NML-to-NC transforma-
tion kinetics and the resulting NC microstructure. To this end, the mi-
crostructure and internal stress states of Cu and W in the annealed Cu/W
NMLs were investigated after successive stages of the NML-to-NC trans-
formation by a combined experimental approach using X-ray diffrac-
tion, high-resolution scanning electron microcopy and Auger electron
spectroscopy. As such, the different stages of NML-to-NC process were
revealed, also disclosing the crucial role of the individual Cu and W
nano-layers thicknesses on the transformation behavior.

2. Experimental methods

Cu/W nano-multilayers were deposited at room temperature on
10 x 10 mm? polished a-Al,04 (0001) single-crystalline wafer substrates
(i.e. sapphire-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 deposition, possible surface contamination on the a-Al,0; (0001)
substrate was removed by Ar+ sputter cleaning for 5min applying an
RF Bias of 100V at a working pressure of 1.6x1072 mbar. The RF
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Bias was maintained during the NML deposition at a working pres-
sure of approximately 5x10~3 mbar. First, a 25nm thick W buffer
layer was deposited on the sputter-cleaned substrate. Next, NMLs con-
sisting of 20 repetitions of a Cu/W building block were deposited on
top. Different NML configurations were prepared by controlled varia-
tion of the Cu and W nano-layer thicknesses in the Cu/W building block:
i.e. 3nm Cu/3nm W (3Cu/3W), 10nm Cu/3nm W (10Cu/3W), 3nm
Cu/10nm W (3Cu/10W), 5nm Cu/5nm W (5Cu/5W), 10 nm Cu/10 nm
W (10Cu/10 W). To study the successive stage of the NML-to-NC tran-
sition, the samples were isothermally annealed for 100 min at various
temperatures in the range of 400-800 °C under high vacuum conditions
(< 1075 mbar), while applying a heating rate of 20 K/min.

Cross-sectional cuts of the as-deposited and annealed NMLs were pre-
pared by a Hitachi IM4000Ar ion milling system (acceleration voltage
of 6 kV, discharge voltage of 1.5kV, a swing angle of +30°) and by a FEI
Helios NanoLab 660 SEM/FIB. Planar and cross-sectional imaging was
performed by high-resolution SEM (HR-SEM) analysis using a Hitachi S-
4800 instrument. Chemical analysis of the annealed NML surfaces was
performed by Auger electron spectroscopy (AES) using a Physical Elec-
tronics PHI-4300 SAM system equipped with a cylindrical mirror an-
alyzer (CMA; constant relative energy resolution AE/E of 0.3%) and
a coaxial electron gun operating at 5keV with an emission current of
50 pA. AES analysis of surface particles on the annealed NML surfaces
was conducted with a lower beam current of 2.2 nA, resulting in an anal-
ysis spot of about 300 nm. Each Auger spectra was recorded for 60 min
with a kinetic energy step of 1 eV and an accumulation time of 40 ms/eV
(50 iterations). All spectra were processed with the use of the MultiPak
V6.1A program package (differentiation with 9 points, Savitzky—Golay
smoothing with 5 points).

A Bruker D8 Discover X-ray diffractometer operating in Bragg-
Brentano geometry was used to measure 26 scans for the as-deposited
and annealed NMLs. All annealed NMLs were measured ex-situ after
cooling down to room temperature (RT). Diffraction patterns were
recorded in a 260 range from 10° to 90° using Cu K «; , radiation at
40kV/40 mA. Texture analysis was performed by acquiring pole figures
for the Cu{111} and W{110} families of planes. Stress analysis was car-
ried out using the Crystallite Group Method (CGM) [28], suitable for
highly textured systems, like in the present case (see Part II in Supple-
mentary materials).

3. Results
3.1. Microstructure of as-deposited Cu/W NMLs
In Fig. 1, SEM images of a typical surface morphology and cross-

sectional view of an as-deposited Cu/W NML are presented (as an ex-
ample the 10Cu/10W NML is chosen). The as-deposited NML surfaces

(b)

Cu/W NML

25 nm W-buffer

Fig. 1. SEM images of the 10Cu/10W NML in the as-deposited state: (a) planar view and (b) cross-sectional view. Insert in (a) shows magnified wave-like structure

of deposited layers (typical length indicated by arrows).
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Fig. 2. XRD analysis of as-deposited NMLs
with different Cu and W layer thicknesses
(intensity plotted in a logarithmic scale): (a)
Overview of the region indicating the pres-
ence of satellite peaks imposed by the NML
structure (0-26 scans). The position of the bulk
W(110) and Cu(111) reflections are indicated
with dashed lines. (b) Comparison of a calcu-
lated and measured satellite peak structure for
the as-deposited 5Cu/5W NML. (c,d) Pole fig-
ures of the Cu{111} and W{110} families of
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revealing an in-plane and out-of-plane texture
with a crystallographic orientation relationship
Cu{111}<-101>||W{110}<-111>.
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show a uniform surface morphology without any distinct artifacts, such
as cracks or voids [27]. The cross-sectional analysis reveals that the bot-
tom nano-layers deposited during first cycles of deposition are relatively
flat and well-aligned with the W buffer layer. However, successively de-
posited nano-layers exhibit an increased waviness and have less lateral
thickness uniformity. A decrease of layer thickness uniformity for suc-
cessive nano-layer deposition steps was also observed for other NML
systems, such as Zr/Nb [3], Cu/V [29], NDN/MoN [30], WS,/MoS,
[31] and Cu/W [11,27].

The crystalline structure of as-deposited NMLs was investigated by
X-ray diffraction as illustrated in Fig. 2a. A set of satellite peaks around
the bulk (characteristic for bulk Cuand W crystals) (110)W and (111)Cu
reflections in the 20 range between 30° and 50°, which originate from
the periodic layer structure (artificial superlattice) [11], is visible in
Fig. 2a. Similar superlattice modulations were observed for NMLs of
other systems (Zr/Nb [3], TiAl/TiAIN [32], Au/Ni [33]). An approach
for the model calculation of artificial superlattices in Cu/W NMLs was
previously introduced in Ref. [11]. In the present study the model in
[11] was improved in order to include moderate interface roughness:
the total multilayer diffraction intensity expression is calculated and
then averaged over both, Gaussian subatomic internal displacements
and Poisson distributed layer thicknesses. From the adjustment with ex-
perimental data, internal disorder and lattice parameters of 0° tilt angle
for Cu(111) and W(110) reflections (used for the Cu/W stress calcula-
tion) were derived. The intra-layer displacement disorders in Cu and

Cu {111}

max

min

W layers are presented in Section 3.3, together with stress values in the
respective layers. Detailed description of the model is in the Supplemen-
tary material, Part 1.

In Fig. 2c and d, pole figures of the Cu{111} and W{110} family of
planes for 10Cu/10W as-deposited NML are presented. Both the Cu and
W pole figures display six-fold symmetrical high-intensity poles which
indicates a pronounced in-plane texture of the grown NMLs: Cu poles
are positioned closely to y =70.53° which is the angle for the {111}Cu
family of planes, while W poles belong to the {110} family with y =60°.
While, for cubic crystals, <111> directions are 3-fold and <110> ones
are 2-fold symmetric, the twinning due to the mutual adaptation of the
fcc Cu(111) planes with the becc W(110) ones produces an effective 6-
fold symmetric pattern in the pole figures. In addition, for the W(110)
this mutual adaptation produces 12 spots distributed in 6 close doublets
that are, each of them, 10.52° apart. Each double spot will be centered
around an in-plane Cu[2-21] direction among the 6 possible directions.
The observed unusual azimuthal extension of W(110) poles is related
to these adjacent double spots (not resolved in the pole figure), which
appear as single broad spots in the circle at the polar angle 60° (see de-
tails in the Supplementary material, Part III). The central poles at y =0°
correspond to the W(110) and Cu(111) preferential growth planes. In
addition, the W pole figure displays three less intense poles around
w =36° (highlighted by white arrows in Fig. 2d). These reflections origi-
nate from the W buffer layer, which possesses a preferred [111] growth
direction. Additional poles of low intensity in the Cu pole figure, around



w =37° and y =63° are the traces of W (110) vs ((111) (hi§hli%hted bK
white arrows in Fig. 2¢) and (2-13)Al,05 planes (highlighted by blac

arrows in Fig. 2¢). In conclusion, the as-deposited NMLs display both
in-plane and out-of-plane texture with the crystallographic orientation
relationship Cu{111}<-101>||W{110}<-111>.

3.2. Microstructure of annealed Cu/W NMLs

As demonstrated in our previous studies on the thermal stability

of Cu/W NMLs with fixed layer thicknesses of 5nm Cu and 5nm W
(100 bilayer repetitions) [11,14], the NML is completely transformed
into a nanocomposite structure after 100 min of isothermal annealing

at 800°C. An Arrhenius analysis of the transformation kinetics by in-

situ high-temperature XRD indicated that the NML-to-NC transition is

governed by the mass transport of W atoms along internal interfaces

(e.g. phase and grain boundaries) in the annealed Cu/W NMLs [11,14].

The microstructures of investigated NMLs with different Cu/W thick-

nesses, after isothermal annealing at 800 °C, are shown in Fig. 3, where
a comparison of surface and cross section morphologies is presented.

The 10Cu/10W NML is the only NML that still shows some remnants of
a NML structure, although with evident signs of a partial transformation

into a NC (Fig. 3e). As it is evidenced from Fig. 3, the NC microstructure
depends on the initial design of the Cu/W NML: the W grains have re-

crystallized into a more spherical shape for NMLs with the combination

of thick Cu and thin W layers (e.g. 10Cu/3W NML in Fig. 3c). Surpris-

ingly, the Cu{111}<-101>||W{110}<-111> orientation relationship is

conserved in all NCs, although with a less intense signal compared to

the as-deposited state (Fig. 3f).

XRD analysis of annealed NMLs in the present study (20 bilayer rep-
etitions with different individual Cu and W layer thickness) also shows
a gradual transformation of the studied Cu/W NMLs into a NC structure
at T>700°C, as evidenced by the gradual disappearance of the satel-
lite peaks (Fig. 4) and the presence of two distinct bulk W(110) and
Cu(111) reflections (in accordance with Ref. [11]). In Fig. 4, a com-
parison of the satellite peak structure evolution with annealing temper-

ature in two different NMLs (10Cu/3W and 10Cu/10W) is shown. In
the 10Cu/10W NML annealed at 800 °C the 6-20 scan still shows minor
traces of satellite peaks (highlighted by arrows in Fig. 4b), while for the
annealed 10Cu/3 W NML only bulk (110)W and (111)Cu reflections are
present (Fig. 4a). This is in accordance with a partially destroyed layer
structure in the 10Cu/10W NML (Fig. 3e).

SEM analysis of the NML surfaces after annealing at different temper-
atures in the range of 400-700 °C, indicates that the onset of the NML-to-
NC transformation is preceded by the formation of randomly distributed
protrusions on the outer NML surface (Fig. 5a). Local chemical analysis
by AES confirms that these protrusions are pure Cu crystals (see Part
VI of the Supplementary material). The majority of the particles, after
annealing at 400 °C, has a rod or whisker shape (Fig. 5b,c), while at
600 °C they transform into equiaxed bulk crystals (hillocks) (Fig. 5d and
e). As reflected in Fig 5b, nuclei of Cu protrusions initially originate in
the volume of the NML structure and subsequently grow by fast sup-
ply of Cu atoms along the pathways formed by localized ruptures in the
NML film (cross sectional view will be presented in Fig. 6¢). However,
such ruptures of the NML structure without Cu outflow (Fig. 5g) are also
found in thermally treated NMLs (mainly in 3Cu/10W and 10Cu/10W
NMLs).

In Fig. 6, STEM dark field images with EDX line-scan analysis of a
region underneath a Cu whisker root (5Cu/5W NML annealed at 500 °C)
are presented. It follows that not all the NML volume is involved in the
rupture formation and almost a half of the NML structure is preserved
and intact (Fig. 6b and c). The ratio of the Cu whisker volume to the total
volume of the NML (Fig. 6b) is quite large denoting extensive in-plane
Cu mass transport from the NML exterior to the whisker root. STEM EDX
line scans (Fig. 6d) display the change in the structure of the alternat-
ing Cu/W layers: for the L1 line, the initially periodic layer structure
compared to the one shown on the L2 line is lost moving towards the
whisker root.

A variation in the quantity of Cu protrusions on the NML surface
is observed among NMLs with different individual layer thicknesses. In
Fig. 7, low magnification SEM images of several annealed NML surfaces
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Fig. 3. SEM micrographs (both in planar and cross-sectional view) of the Cu/W NMLs after annealing at 800 °C, evidencing a transformation of nano-multilayer
(NML) into a nanocomposite (NC) structure. The NMLs in (a—d) are completely transformed into a nanocomposite structure. The cross sectional view of the annealed
10Cu/10W NML in (e) still shows the remnants of a NML structure (image made in BSE signal). (f) Pole figures of the Cu{111} and W{110} families of planes,
indicating the conservation of a Cu{111}/W{110} texture after nanocomposite formation (by the example of 5Cu/5W NML).
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Fig. 4. Evolution of satellite peak structure as a function of annealing tempera-
ture in (a) 10Cu/3W and (b) 10Cu/10W NMLs. Positions of distinct bulk W(110)
and Cu(111) reflections are indicated by dashed lines.

(8Cu/3W, 5Cu/5W, 10Cu/10W) are presented. No traces of microstruc-
ture modifications (ruptures of the NML structure with or without Cu
outflow) are found in the 3Cu/3W NML after annealing at 400 °C. On
the contrary, the annealed 10Cu/10W (and in 3Cu/10W as well) NML
surfaces already show several ruptures without Cu outflow at 400 °C
(visible Cu outflow at 500 °C) (Fig. 7). For the annealed 5Cu/5W and
10Cu/3W NMLs, a gradual increase of both the density and size of Cu
protrusions are observed with increasing annealing temperature, attain-
ing an average particle size of 2-2.5 um at 700 °C.

For 10Cu/10W NMLs, the Cu surface particles grow prevalently in
size, but not in quantity, with increasing annealing temperature: at
700 °C, the largest Cu particles with an average size of roughly 4-5 um
are found, although their density is the lowest among all investigated
NMLs. For 10Cu/10W NMLs, with the increase of annealing tempera-
ture, Cu particles grow prevalently in size, but not in quantity: at 700 °C,
Cu particles in 10Cu/10W NML are the largest in size (~4-5 pm), but the
lowest in amount among all investigated NMLs. Finally, the 3Cu/3W
NMLs display a relatively weak outflow in the range of 400-600 °C, but
develop a relatively large density of surface particles (with a mean size
of about 1 pm) after the annealing at 700 °C. These observations show
that the kinetics of Cu surface mass migration upon thermal treatment
(onset of outflow, change in size and amount of particles) not only de-

Fig. 5. Microstructural evolution of the Cu/W NML surface upon annealing for
the (a-e) 5Cu/5W and (f) 10Cu/10W NMLs. (a) Low-magnification SEM image
of the NML surface after annealing at 600 °C, indicating the presence of Cu pro-
trusions on the surface. (b—e) High-magnification images of Cu protrusions on
the annealed 5Cu/5W NML surfaces. (g) Rupture of the NML structure without
Cu outflow for the 10Cu/10W NML annealed at 500 °C.

pends on the internal stresses in the layers, but also on the individual
Cu and W layer thicknesses (see Section 4.2 for more details).

Strikingly, it was observed that for annealing temperatures T >
700 °C, previously formed Cu surface protrusions, start to dissolve back
into the NML. This phenomenon is already observed at an annealing
temperature of 700 °C for the 10Cu/3W NML. All other NMLs required
a somewhat higher annealing temperature in the range of 700-800 °C to
activate the dissolution of Cu surface protrusions. A combined SEM-AES
analysis of the 10Cu/3W NML surface in the vicinity of a Cu surface
protrusion for two different stages of annealing at 700 °C is shown in
Fig. 8. In Fig. 8a an intermediate process of the Cu dissolution process is
shown. After complete dissolution of the Cu surface protrusion, a con-
trast difference in the SEM image between the originally area covered
with the Cu protrusion area (brighter area in Fig. 8c), and its surround-
ing area (darker area in Fig. 8c) remains. However, quantitative AES
analysis shows no apparent differences in surface composition between
the bright and dark areas, which suggests that the contrast in the SEM
images originates from slight differences in surface topography. Impor-
tantly, local AES analysis in region 2 in Fig. 8c reveals small black spots
concentrated at W grain boundaries (Fig. 8d), which correspond to Cu
enrichments. Similar black spots are found in the annealed 3Cu/3W (at
700 °C) and 10Cu/10W (at 800 °C) NMLs. A cross sectional view of the
annealed 10Cu/3W NML at some distance from the dissolved Cu region
(as indicated in Fig. 8a), reveals an intermediate stage of the NML-to-NC
transformation (Fig. 8b).

3.3. Evolution of Cu and W stress upon thermal treatment

The residual stress of the Cu and W layers is derived by room tem-
perature ex-situ XRD analysis. Since all NMLs are highly textured, the
Crystallite-Group Method (CGM) was used for the stress calculations
[28,34]. The CGM is a variant of the commonly applied “sinZy” method
that accounts for the presence of a strong texture. A particular group of
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Fig. 6. STEM investigation of a Cu whisker area (5Cu/5W after 500 °C). (a) SEM image of the selected Cu whisker for STEM lamella preparation. (b) Low-magnification
dark field image of the contact area between the Cu whisker and the NML structure. (c) High-magnification dark field image of a rupture of the NML structure at the
whisker root. (d) Comparison of EDX line scans of the NML volume along two scanning directions in the region of the Cu whisker root.
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Fig. 7. Low magnification surface SEM images of 3Cu/3W, 5Cu/5W, 10Cu/10W NMLs after isothermal annealing in the range of 400-700 °C. No Cu particles were

observed on the 3Cu/3W and 10Cu/10W NML surfaces after annealing at 400 °C.

crystallites with the same crystallographic orientation (crystallite group)
is chosen, for which the measured lattice strain is averaged over all crys-
tallites. When applying Hook’s law to the case of thin films, the stress
components (principal and shear) normal to the film surface can be
taken zero: i.e. o33 = 613 = 693 = 0. Moreover, for the case of an isotropic
cubic film with an equal-biaxial stress state it holds that: c =617 =095
In the present study, the Cu<11-2> and W<1-21> group crystallites
were selected for the CGM residual stress analysis [14]. Details about
the stress analysis conducted on multiple reflections using CGM can be
found in the supplementary materials (Figs. S3 and S4).

Fig. 9a shows the evolutions of the residual stresses in Cu and W for
various individual Cu and W layer thicknesses after annealing at differ-
ent temperatures. In the as-deposited state, the Cu and W layers all ex-
hibit a compressive stress, which magnitude depends on the individual
Cu and W layer thicknesses. Noteworthy, W layers in the as-deposited
state exhibit a similar stress level (~—3.5 GPa) for all investigated NMLs,
except for the NMLs with the thinnest Cu layers (3Cu/3W and 3Cu/10W
NMLs) (see Fig. 9a lower panel). The highest compressive stress in
W is found in the as-deposited 3Cu/3W NML (~-6.75GPa). For the
as-deposited 3Cu/10W NML, W possesses an intermediate stress state



Fig. 8. Combined SEM-AES analysis of the NML surface of the 10Cu/3W NML in the vicinity of a Cu surface protrusion for different stages of annealing at 700 °C.
(a) Intermediate stage of the Cu particle dissolution process, showing a shrinked Cu protrusion on the annealed NML surface. (b) Cross sectional SEM image of the
annealed NML at some distance from the dissolved Cu region as indicated in (a), revealing an intermediate stage of the NML-to-NC transformation. (c) the identical
area of (a) after complete dissolution of the Cu surface protrusion. (d,e) Magnified SEM images of the annealed NML surface at selected locations outside and inside
the dissolved Cu protrusion region, respectively. The insert in (d) highlights tiny Cu enrichments (black spots). (f) AES spectra of regions 1 and 2, as indicated in (c),
with the corresponding relative atomic concentrations of Cu and W.
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between 3Cu/3W and the other NMLs (lower panel of Fig. 9a). The stress
evolution in W layers after thermal treatment shows a similar trend for
all investigated NMLs, i.e. the residual stress gradually relaxes with in-
creasing annealing temperature, resulting in a nearly unstrained state af-
ter annealing at 800 °C. Only the 10Cu/10W NML maintains a non-zero
residual compressive stress after annealing at 800 °C. The temperature-
stress evolution of W in the 10Cu/10W NML was found to be almost lin-
ear and predominantly governed by thermal expansion forces, as shown
in Supplementary material, Part V. Remarkably, the 10Cu/10W NML
preserves a high compressive W stress after 800 °C (NML-to-NC trans-
formation is not completed; Fig 3e).

Cu layers exhibit a considerable spread in their stress values in
the as-deposited state (upper panel of Fig. 9a). The Cu layers in the
as-deposited 3Cu/3W, 3Cu/10W, 5Cu/5W NMLs possess a compres-
sive stress of about —2.5 GPa, whereas the stress level for 10Cu/3W
and 10Cu/10W NMLs, with the thickest Cu layers (10nm), is much
smaller (—0.75 GPa). As for W layers, the compressive stresses in the as-
deposited Cu layers are relaxed upon high-temperature annealing. Cool-
ing down after annealing at 700 °C results in a tensile stress in Cu. The
residual stress in Cu (as measured at room temperature) after annealing
at 800 °C is either compressive or tensile depending on the individual
Cu and W thicknesses.

Fig. 9b,c shows the estimated internal displacement disorder within
the Cu and W layers as function of the annealing temperature for the
10Cu/10W and 3Cu/3W NMLs (as derived from the XRD model calcu-
lations; the estimated internal disorder in the 5Cu/5W NML is provided
in the Part IV of Supplementary material). The internal displacement
disorder corresponds to the standard deviation of the random variation
of interplanar spacings inside of each Cu and W layer along the normal
to the NML surface (see Supplementary material, Part I). As follows,
the internal disorder in Cu and W initially decreases with increasing an-
nealing temperature in the range of 400-600 °C, and it is subsequently
followed by a gradual increase in the range of 700-800 °C. Generally,
the variation of internal disorder is less pronounced in the W layers (as
compared to the Cu layers). As discussed in Section 4.2, the evolution
of the internal disorders in Cu and W relates to the concurrent surface
outflow of Cu

3.4. Determination of (111)Cu/(110)W interface stress

The total residual stress in PVD thin films deposited at room temper-
ature generally arises from a superposition of coherency and deposition
(growth) stresses [35]. Deposition stress originates from atom rearrange-
ments and grain nucleation in the developing film during the deposition
process (e.g. island nucleation, growth and coalescence; grain growth;
diffusion of surface adatoms into grain boundaries). Coherency stress
arises from the lattice mismatch between the substrate and the develop-
ing film at the substrate-film interface. A decrease of coherency stress
with increasing film thickness is generally realized by the introduction
of misfit dislocations at the interface beyond a certain critical film thick-
ness [36]. Connected to the coherency stress, there is the stress gener-
ated by the interface between adjacent layers — interface stress, which
is defined as the reversible work required to introduce elastically a unit
strain at the interface between two phases [37]. The magnitude of in-
terface stress has an important impact on the critical film thickness for
misfit dislocations formation and consequently on the onset of intense
coherency stress relaxation during film growth [37]. Interface stress gen-
erally induces an additional in-plane elastic strain in the volume of the
thin film (on top of coherency and deposition strain), which becomes
increasingly dominant with the decrease of the film thickness. Thus, for
nanometer thick films, interfaces start to play a dominant role in the
definition of the final stress state. The methodology developed by Ruud
et al. [38] was applied to extract the Cu/W interface stress contribution
in the investigated Cu/W NMLs, i.e.
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Fig. 10. The sum of determined Cu and W stresses plotted as a function of
the inverse bilayer thickness for 3Cu/3W, 5Cu/5W and 10Cu/10W as-deposited
NMLs. Value of interface stress (presented in the text box) is derived from the
slope of the line fitted to the data points. Error bars are estimated on the basis
of values derived from the ex-situ stress measurements.

where o is the average stress measured by substrate curvature, (o) =

Cu
@t 1)

> is an average deposition stress (assuming that coherency
stresses in bilayers with equal thick layers cancel out), A~! is the inverse
bilayer repetition length and f is the interface stress.

As follows from Eq. (1), the interfacial stress contribution from all
interfaces in a given NML system equals the difference between the av-
erage stress of the NML ensemble, as measured by substrate curvature,
and the total NML deposition stress, as measured by XRD. In our case,
the number of interfaces in the studied NMLs was kept constant (num-
ber of bilayer repetition was fixed at 20). Moreover, the maximum NML
thickness does not exceed 400 nm (pertaining to the 10Cu/10W NML),
while the sapphire substrate thickness is around 500 um. It is thus as-
sumed that the forces exerted by a NML film are negligible to produce an
appreciable curvature of the substrate. A similar case was reported for
the calculation of interface stress by the above mentioned model for the
Ag/Ni NMLs (500 nm thick multilayers on a 360 um Si substrate) [39],
where stress values determined from the substrate curvature were con-
siderably smaller than stresses measured by x-ray diffraction and thus
did not significantly affect the interface stress determination.

Fig. 10 shows the total average deposition stress (c), as calculated
using the stress values in the as-deposited NMLs with equivalent Cu and
W layer thicknesses (Fig. 9a), plotted as a function of 2/1. The slope of
the line fitted to the data points in Fig. 10 gives a mean interface stress
value of 11.25 + 0.56 J/m?2 for Cu(111)/(110) W interfaces. The abso-
lute value of the interface stress in the studied Cu/W NMLs is of opposite
sign and significantly larger than the interfacial stress in other systems:
-2.27 + 0.67 J/m? for (111) Ag/Ni [38], —3.19 + 0.43J/m? for (111)
Ag/Cu [40] and —1.80J/m? for (100) Ag/Fe [41]. The sign of inter-
face stress denotes the effect on the thin (or NML) film/substrate system
curvature: a negative interface stress makes curvature more convex and
produces a tensile force on the constituent layers; a positive one (like in
our case) would result in a more concave curvature adding compressive
stresses to the layers [38].

4. Discussion
4.1. Variation of Cu and W stress in the as-deposited state

The internal compressive stress state in as-deposited Cu and W
(Fig. 9a) is in line with a recent study of Cu/W NMLs consisting of 100



repetitions of 5nm Cu/5nm W building layers [14], where W and Cu
are also under compression after deposition regardless of the substrate
type (Al,03-R and Si(001)+[Si3N5];5 y, Substrates).

As it will be discussed in the following, the total internal stress state
in as-deposited Cu/W layers includes three different stress contributions:
coherency (or lattice mismatch) stress, deposition (or growth) stress and
interface stress (presented in Section 3.4).

Coherency stress. All the investigated NMLs, independently of their
layer thicknesses, exhibit the same orientation relationship according
to Cu{111}<-101>||W{110}<-111> (Fig. 9a). The in-plane interatomic
distances along the directions corresponding to the above mentioned re-
lation are: for [-111] W ([-101] Cu) direction (which corresponds to the
diagonal of the in-plane hexagon) dg, =2.556 A and dyw =2.740 A [42].
Accordingly, Cu should be under a tensile and W under a compressive
stress due to the lattice mismatch (coherency) strain.

Deposition stress. Generally, film deposition by PVD is accompanied
by a compressive-tensile-compressive stress transition during consec-
utive stages of growth (e.g. grains nucleation, coalescence and fur-
ther coarsening [43]). Magnetron-sputtered W films typically have a
compressive deposition stress during the post-coalescence growth stage
[44,45]. A tensile to compressive stress evolution for W layers was al-
ready observed beyond a thickness of 1 nm [46]. Magnetron-sputtered
Cu films with thicknesses in the range of 3-10 nm generally are still in a
stage of grain coalescence and the elastic strain energy associated with
the minimization of the grain boundary energy then results in a tensile
deposition stress [47]. Thus, for the investigated Cu/W layer thicknesses
(8, 5, 10 nm), the deposition stress contribution is expected to be tensile
for Cu and compressive for W.

According to these two descriptions, coherency and deposition con-
tributions should provide a tensile force in nanoscale Cu layers. How-
ever, in all investigated NMLs, Cu is under compression regardless of
its layer’s thickness, indicating that the interface stress contribution is
dominant (note: coherency and deposition stresses for W are both com-
pressive). The impact of the interface contribution should be more pro-
nounced for thinner nano-layers: indeed, the maximal total stress level
is found for the thinnest 3Cu/3W NML (-6.7 GPa for W; -2.5 GPa for
Cu). In accordance, smaller compressive stresses are observed in the
10Cu/3W and 10Cu/10W NMLs due to the less dominant interface stress
contribution for thicker Cu layers. Additionally, an increase of the Cu
layer thickness can enhance the misfit dislocation density, thus relaxing
stresses in the Cu/W system.

As-deposited 5Cu/5W NMLs with 100 repetitions, as previously in-
vestigated in Ref. [14], possess similar W compressive stress level as the
5Cu/5W with 20 repetitions in the present study (~-3.25GPa). In con-
trast, the average stress in the Cu layers varies considerably: —1.5 GPa
for 100 repetitions against —2.8 GPa for 20 repetitions. This indicates
that the number of NML repetitions strongly affects the stress in the Cu
layers, whereas the stress in W layers is largely unaffected. This can be
related to the higher accumulation of defects during the PVD deposition
process for an increasing number of Cu/W bilayer repetitions (from 20
to 100). This results in a stress relaxation, as well due to the formation
of misfit dislocations and local thickness variation of the individual Cu
and W layers (increase of interface waviness; shown in Fig. 1b). Stress
relaxation during the deposition takes place mainly in softer Cu layers,
which also can accommodate more defects.

4.2. Stress relaxation by Cu migration prior to NML-to-NC transformation

As described in Section 3, high-temperature annealing triggers the
layered structure degradation process and thereby the Cu/W NML-to-NC
transformation. It was noted that W compressive stress, in all the NMLs
considered in this study, evolves almost monotonically to a zero (or close
to zero) stress state with increasing annealing temperature (Fig. 9a). Af-
ter 800 °C annealing, in all NMLs, with the exception of 10Cu/10W (here
the multilayer structure, which is still present, results in a remaining in-
ternal stress in Cu and W layers), the W layers are almost stress-free

and the original layered structure is completely destroyed. However,
Cu preserves a residual final stress state, tensile or compressive (in the
NC structure), depending on the NML configuration (Fig. 9a). The more
ductile Cu phase should be stress-free at elevated annealing tempera-
tures (700-800 °C). However, a tensile stress resides in the Cu phase of
the annealed Cu/W NMLs (700 °C) after cooling down to room temper-
ature (upper panel in Fig. 9a). Considering the relatively small thermal
mismatch between W and C-Al,O3, any additional stress contribution
generated during cooling (due to the thermal mismatch with the Al,04
substrate) will be very small [14]. Hence, the stress in W at the anneal-
ing temperature will be very similar to the actual stress measured after
cooling down to room temperature. However, the thermal expansion
coefficient of Cu is considerably higher than that of W (and of Al,03)
[14]. It then follows that, for a stress-free state of W and Cu at elevated
annealing temperatures of T>700 °C, subsequent cooling can induce a
small tensile stress contribution in the confined Cu nano-layers (at room
temperature), as observed experimentally (Fig. 9a). The tensile stress
level in Cu will be higher for thicker Cu layers, as indeed observed for
e.g. 10Cu/10W and 10Cu/3W NMLs (Fig. 9a).

The driving force for the Cu/W NML transformation into a NC struc-
ture is provided by the minimization of the total Gibbs energy, as
achieved by a reduction of internal interfaces, like high energetic W/W
grain boundaries. A similar process of NML structure degradation upon
thermal treatment was shown in Ref. [12] for the case of Cu/Co NMLs,
in which the diffusion of Cu atoms is aided by the high energy of grain
boundaries in Co. The question may be posed why the NML microstruc-
ture evolution upon annealing in the present study is not limited only
to W self-diffusion and Cu diffusion through the grain boundaries of W,
without any Cu surface outflow (protrusions formation). Apparently,
higher energy barriers are involved for the compressively strained W
layers to transform towards a global system energy minimum, i.e. into a
NC structure. Hence, prior to the NML-to-NC transformation, the system
tends to release its strain energy stored in the layers after deposition.

Stress relaxation is initiated by the outflow of confined Cu with the
formation of protrusions on the NML surface at temperatures as low as
400-500 °C. In Ref. [48], similar Cu outflow was observed in Cu/TiN
multilayers under the impact of external compression with concurrent
thermal annealing. Moreover, a high density of visible tiny Cu enrich-
ments, concentrated at grain boundaries of coarsened W grains (Fig. 8d)
were detected at the NML surface after T>700 °C annealing, indicating
a thermally activated Cu diffusion process along W grain boundaries at
temperatures T > 400 °C.

Noteworthy, thermally-activated Cu grain-boundary diffusion is ac-
companied by the simultaneous formation of Cu protrusions at previ-
ously formed ruptures of the NML structure (Figs. 5f and 6). Such local
ruptures could be induced by creep processes (e.g. dislocation glide,
power-law creep, power-law breakdown, diffusional creep). The creep
kinetics are influenced by internal stresses, the annealing temperature
and the grain size (i.e. the higher internal stresses, smaller grains and
higher temperatures promote creep) [49,50]. Enhanced creep due to
a combination of higher internal stresses and smaller grains (smaller
nano-layer thickness) indeed rationalizes the highest density of surface
ruptures and Cu surface particles for the 3Cu/3W NML after annealing
at 700 °C (Fig. 7). The lowest density of surface protrusions occurs upon
annealing for the 10Cu/10W NMLs due to the higher Cu and W average
grain sizes, as well as the lower initial total stress state. The interplay of
grain sizes and internal stresses will cause the variation of creep among
other NMLs, thus influencing the surface density of Cu protrusions. The
STEM analysis (Fig. 6) shows that ruptures are preferentially formed in
the top layers of the annealed NML structure, which have a less uniform
layer thicknesses and more pronounced interface waviness (Fig. 1b) and
thus less required strain for crack formation (shear failure in layers).

Formation of Cu particles in a whisker shape (Fig. 5b,c) at low an-
nealing temperatures (400-500 °C) is due to the presence of an energy
barrier for two-dimensional growth of certain facets as mentioned in
Ref. [51]. Similar faceting of metallic particles (whisker growth) upon



thermal treatment was observed in Au [52] and Fe [53] systems. At
more elevated temperatures (600-700 °C), the activation barrier for nu-
cleation of these high-energy facets is overcome, resulting in a trans-
formation of Cu whiskers into more spherically-shaped Cu particles
(Fig. 5d,e).

The observed Cu outflow not only correlates to the stress, but also
to the internal disorder. As it is shown in Fig. 9b, for the 3Cu/3W and
10Cu/10W NMLs, internal disorder of the Cu and W layers changes upon
thermal treatment. A monotonous decrease of internal disorder with in-
creasing temperature is observed for the Cu layers upon to the onset
temperatures for Cu outflow. When Cu surface migration starts, the in-
ternal layer disorder is expected to again increase due to the associated
atom displacements. No considerable changes of the internal layer dis-
order are instead observed for W up to the onset temperature of the
layer degradation process (700-800 °C). The different responses of the
W and Cu layers to the annealing is related to the fact that W is a stiffer
material compared with Cu. Indeed their elastic constants, as well as
their melting temperatures are in the ratio 3 to 1 [54,55]. Moreover,
growth of metallic NMLs by magnetron sputtering is a non-equilibrium
deposition process with very high effective temperatures of the adatoms
[56]. Using such a non-equilibrium deposition process at low substrate
temperatures allows for the kinetic trapping of metastable states (e.g. in-
terface and bulk defects with their associated elastic energy cost) [57].
With increasing annealing temperature, the Cu layers will respond by
healing these subatomic displacement defects, while W layers will be
less efficient in doing so due to the lower diffusional mobility. Existing
domain walls and dislocation edges across as-grown W layers will also
remain mostly unchanged.

4.3. Cu particles dissolution at the onset of NML-to-NC transformation

The dissolution of Cu particles formed on the NML surface at T >
700°C (Fig. 8a) announces the onset of the NML degradation process.
As follows from the previous [14] and present studies, W first needs to
lower its compressive stress below some critical level (Fig. 9a) to activate
thermal grooving of W grain boundaries, indqcin§ Finching-off of the W
layers with subsequent spheroidization of residual layer-fragments (Ref.
[11] and references within). This thermal grooving is accompanied by
the dissolution of previously formed (at 400°C < T < 700 °C) Cu par-
ticles, leading to the NML-to-NC transformation. HR-SEM imaging of
5Cu/5W, 3Cu/3W and 3Cu/10W NMLs annealed at 700 °C reveals that
the dissolution process progresses from the Cu particles’ edges. Only the
10Cu/3W NML displays extensive Cu particle dissolution without com-
plete NML degradation (at 700 °C). Upon thermal treatment at 800 °C,
the Cu protrusions are completely dissolved in all the NMLs. Notably,
the layered structure in the annealed 10Cu/10 W NML is still largely pre-
served after complete Cu particles dissolution (Fig. 3e), also maintaining
a high W compressive stress at 800 °C (Fig. 9a), contrarily to the zero
W stress state obtained in other NMLs. This is in line with the previous
observation that the NML system needs to reach a lower critical stress
state in the W layers to advance with the NML-to-NC transformation.

As a rule of thumb, the results of this study show that Cu/W NMLs
with higher Cu/W layer thickness ratios (e.g. 10Cu/3W) generally can
release their compressive stresses more easily at elevated temperatures.
The NC (as formed after complete NML degradation) is stress-free at its
transformation temperature. Cooling down to room temperature can in-
duce a slight tensile or compressive stress in the Cu phase, while the W
phase remains practically stress-free. Evidently, the Cu/W layer thick-
ness ratio governs the relative volumes and morphologies of Cu and W
in the final NC microstructure, as shown in Fig. 3.

5. Summary and conclusion

The impact of the individual Cu and W layer thicknesses on the resid-
ual stress and microstructure evolution in Cu/W NMLs upon vacuum
annealing (400-800 °C) was investigated.

The individual layer thicknesses were found to determine the magni-
tude of the initial compressive stress states in Cu and W, thus providing
an important tool for stress tailoring in Cu/W NMLs. The high com-
pressive stresses in the as-deposited NMLs can be ascribed to the large
interface stress contribution of 11.25 + 0.56 J/m?, as pertaining to the
Cu(111)/W(110) interfaces.

Thermal treatments allow stress release in the NMLs. The W layers
tend to reach a stress-free state after the NML-to-NC transformation,
while the stresses in the Cu layers undergo a transformation from com-
pressive to tensile. Four successive stages of the microstructure evolu-
tion upon annealing have been identified:

1) Formation of local ruptures of nano-multilayer structure (T <
500°C).

2) Cu outflow through the ruptures on the nano-multilayer surface,
leading to the formation of large Cu particles (400 °C < T < 600 °C).

3) Vanishing (dissolution) of Cu protrusions by means of Cu diffusion
back into the volume of Cu/W NML as the onset of the nanocompos-
ite formation (T~700-800 °C).

4) Complete transformation of the NML into a nanocomposite
(T <800 °C). The resulting microstructure of the NC largely depends
on the initial Cu and W layer thicknesses.

Cu surface outflow provides the main stress relaxation mechanism
in the investigated Cu/W NMLs. The kinetics of outflow (onset temper-
ature for the outflow, the size and amount of surface particles) can be
tailored by the initial Cu/W stress state and the individual layer thick-
ness ratio. Generally, most intense Cu outflow is observed in NMLs with
thin W barrier layers (3nm) and high internal stresses. Cu whiskers are
formed in the range of 400-500 °C, whereas surface protrusions with
a more spherical shape develop in the range of 600-700 °C. The onset
temperature for NML degradation depends on the individual Cu and W
layer thicknesses: a lower thermal stability and faster Cu dissolution oc-
curs for higher Cu/W thickness ratios. NMLs with the higher Cu and W
thicknesses (10 nm each) show a preservation of the NML structure up to
800 °C. High stresses in the W layers hinder the onset of the NML degra-
dation process: the stress in W needs to fall below a critical stress level
to accelerate W grain coarsening and subsequent nanocomposite forma-
tion. The onset temperature for nanocomposite formation also depends
on the individual Cu-to-W layer thickness ratio. Overall, the results of
this study, provide guidelines for tailoring the onset temperature for
nanocomposite formation, as well as the resulting nanocomposite mi-
crostructure, in Cu/W NML systems by controlled variation of the indi-
vidual Cu and W layer thicknesses.
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