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Microstructure-Property Control in
Functional Materials by Multilayer Design
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Abstract: Smart microstructure and interface design in nanomultilayers allows to tailor physical properties like
thermal stability, thermal conductivity and directional metal outflow for targeted applications. In this work, se-
lected examples of nanomultilayer systems, constituted of alternating nanolayers of metals and/or nitrides, as
precisely fabricated with variable textures, microstructures, grain sizes and internal stresses are presented. The
role of the microstructure and stress state on selected functional properties is shown.
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face and interface engineering of metals, alloys, oxides and their
coating systems for joining and corrosion management, which
includes interfacial design and application of nanostructured ma-
terials for emerging micro- and nano-joining technologies.

1. Introduction

Nano-multilayers (NMLs) are functional nano-architectures,!!!
consisting of a sequence of alternating nanolayers of two or more
dissimilar materials, typically a metal, alloy, oxide and/or nitride.
For example, nanolaminated structures of two immiscible metals
(e.g. Cu/W, Cu/Ta), or a metal and a nitride (e.g. Ag/AIN, 231 Cu/
AIN,[4 AgCu/AINBI), are commonly applied in microelectronics,
interconnections and sensing devices. Functional NMLs offer
very flexible design criteria for achieving a unique combination
of mechanical,®! magnetic, opticall”l and/or radiation-tolerant(®]
properties. However, such functional NML properties are intrinsi-
cally related to their microstructure, in particular, the chemical
composition, layer thickness, phase constitution, grain size, tex-
ture, stress state.l) When the thicknesses of the alternating layers
are reduced to the nanoscale, the functional properties will not
only be governed by the single material layer characteristics, but
in particular by the defect structure of the heterointerfaces.[!01 In
particular the thermal, mechanical and chemical stability of NML-
based technologies critically depend on the microstructural evolu-
tion of the interfacial regions during fabrication, processing and
operation, which may involve harsh environments and elevated
temperatures. Thermally activated atomic rearrangements at het-
erointerfaces are driven by in-plane and out-of-plane gradients in
the chemical potential and the stress, which can be both intrinsic
(arising during growth) and extrinsic (imposed by post-treat-
ments) in origin. On the downside, thermal annealing can induce
detrimental modifications of functional heterointerfaces in elec-
tronic and optical devices. On the upside, NMLs can be trans-
formed intentionally into nanocomposites (NC) with a desired
combination of mechanical, thermal and/or electrical properties,
by tuning the relative volume fraction of the constituent phases in
the NML.[11] Physical Vapor Deposition (PVD) is a common tech-
nique to fabricate NMLs since it offers precise control of the
chemical composition, individual layer thickness, periodicity and
roughness. Not only the as-deposited NML microstructure and
stress state can be controlled by careful tuning of the deposition
parameters; also the interface structures can be tailored, in par-
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ticular, the coherency, morphology and sharpness (atomic mixing)
of the heterointerfaces. Smart microstructural design of the NML
building blocks provides a powerful tool to tailor mechanical
properties, electrical and thermal conductivity, as well as the ther-
mal stability (durability) in harsh environments. However, the cor-
relation between NML microstructure and specific functional
properties is not always evident. In this contribution, several ex-
amples of smart multilayer design, by combining dissimilar ma-
terials with tuned microstructures, will be presented and corre-
lated with their functional properties, such as thermal stability,
thermal conductivity and atomic mobility (Table 1). A clear link
between nanoscale interface structure and physical properties is
established for these multilayers systems, which can pave the way
to optimize NML microstructures for targeted applications.

Table 1. Important microstructural features which can impact resulting
physical properties

Microstructure Properties

Texture Thermal stability

Stress Elastic coefficient and hardness (mechanical
Grain size properties)

Morphology Thermal conductivity

Disorder Surface wettability and joining

Roughness

2. Microstructure-Properties Relationship

In this section, different examples of microstructural changes
in NML systems induced by post-annealing treatments will be
given, especially in dependence of the layer thickness and the
intrinsic stress state. It is important to note that the isolation of the
effect of individual microstructural parameters on the functional
properties is very challenging and not always possible due to the
strong correlation between e.g. the texture, grain size, layer thick-
ness and stress state.

2.1 Effect of the High-temperature Annealing

The phase stability of confined metals in nanomultilayer struc-
tures can be severely compromised by high-temperature anneal-
ing. From a thermodynamic viewpoint, the presence of multiple
internal interfaces (i.e. heterointerfaces and grain boundaries), as
associated with excess Gibbs energies and strain, makes the multi-
layer prone to degradation. From a kinetic viewpoint, these inter-
nal interfaces can act as short-circuit diffusion paths, thus provid-
ing relatively fast atom mobilities at reduced temperatures as
compared to the respective bulk materials. For example, immis-
cible Cu/W multilayers undergo a multilayer degradation upon
heating at 7'>750 °C, forming a Cu-W nanocomposite.l'2! At this
temperature, the ordered periodic Cu/W NML structure with spe-
cific in-plane and out-of-plane crystallographic orientations is
replaced by a nanocomposite of W particles embedded in a Cu
matrix. This temperature coincides also with complete stress re-
laxation of W,13I which runs in parallel with the relaxation of the
interface stresses.l'4] Notably, the Cu phase already relaxes its
stress at much lower temperatures (7 ~500 °C) by outflow to the
NML surface (Fig. 1), especially if the NMLs are previously ir-
radiated with an ion-beam to increase the defect concentration and
stress level.l31 The kinetics of Cu/W multilayer degradation upon
thermal annealing has been investigated by in situ high tempera-
ture XRD.[12] It was found that the mobility of Cu and W atoms is
important in different stages of the NML degradation process.
Delamination proceeds by grain boundary grooving, which is
rate-limited by the atomic mobility of W along Cu/W heterointer-
faces and/or W grain boundaries. The onset temperature for the
degradation depends strongly on the multilayer microstructure, in

particular, the individual layer thicknesses and the processing at-
mosphere.[1¢ Strikingly, in Ag/AIN NMLs, a processing atmo-
sphere with small amounts of oxygen triggers massive Ag outflow
to the NML surface at temperatures as low as 400 °C, whereas in
vacuum such Ag outflow is negligible.[3! In all studied NML sys-
tems (as prepared by magnetron sputtering), the coherency and
atomic roughness of the (defective) heterointerfaces is enhanced
upon short time annealing at intermediate temperatures, well be-
low the onset temperature for NML degradation. The reduction of
the interface energies, the chemical interaction with oxygen, as
well as the relaxation of stresses, constitute the main driving forc-
es for the thermal degradation of NML systems.

Ordered structure
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Fig. 1. Stress evolution upon ex situ annealing in Cu/W nanomultilayers
as derived by XRD analysis. Three stages of the microstructural evolu-
tion are identified: 1. Preservation of an ordered periodic structure up to
400 °C, 2. Cu surface migration at 400 < T < 600 °C, 3. Transformation
into Cu-W nanocomposite at T > 750 °C. Adapted from ref. [13].

2.2 Effect of the Layer Thickness

As arule of thumb, the average grain size approximately scales
with the individual layer thickness for film thicknesses in the
nanometer range.['21 So changing the Cu and W layer thicknesses
is likely to change the grain size of the individual NML blocks.
The thermal stability of Cu/W NMLs is higher for a bilayer unit
10-nm-W/10-nm-Cu as compared to a respective bilayer unit with
a smaller W layer thickness. For 10-nm-W/10-nm-Cu NMLs the
periodic structure is preserved until 7 = 800 °C.I1®] The W lay-
ers reach a stress-free state only after complete transformation
into a nanocomposite. The initial compressive stresses in the Cu
nanolayers are relaxed at lower temperatures (before the onset of
the delamination process) by surface outflow, as governed by the
initial layer thicknesses (Fig. 2). The individual layer thicknesses
determine the magnitude of the initial compressive stress states in
Cu and W, thus providing an important tool for stress tailoring in
Cu/W NMLs.[16] A recent study on the effect of the cosputtered
Cu/W period on the thermal stability has shown that larger bilayer
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Fig. 2. Dependence of the individ-
ual layer thickness of Cu and W
on the stress evolution in Cu/W
NMLs upon annealing. A com-
plete destruction of the nanolami-
nated structure occurs at 800 °C,
as associated with the formation
of a Cu-W nanocomposite. The
resulting nanocomposite micro-
structure depends on the initial
Cu and W layer thicknesses.
Adapted from ref. [16].
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periods (~27 nm) result in a higher resistance against thermal deg-
radation, as attributed to the improved diffusion barrier properties
of thicker W-rich layers.l!7l Cu-W bilayers with an intermediate
bilayer thickness between 7 and 14 nm maintain the highest hard-
ness upon high-temperature annealing, indicating the significant
role of the bilayer period on high-temperature mechanical stabil-
ity.

Moreover, Cu-W multilayers with a period thickness up to
12 nm were found to be highly resistant against ion beam irra-
diation.l'8) In metal/ceramic Ag/AIN, Cu/AIN and Ag-Cu/AIN
NMLs, significant microstructural changes are already observed
at much low temperatures around 300 °C.!'91 For AIN barrier
thicknesses >8 nm, interconnected line-shape protrusions of Cu
appear at the NML surface upon annealing, as attributed to the
thermal-mismatch-induced fracturing of the brittle AIN barrier
layers. The microstructure and internal stresses in the AIN barrier
layers clearly play an important role in determining the thermal-
mismatch-induced fracture pattern and thereby the arrangement
of metal protrusions on the annealed NML surface. For AIN thick-
nesses of 4 nm, the AIN barrier behaves much more ductile, result-
ing in the appearance of Cu and Ag spherical surface protrusions
upon annealing (Fig. 3). For these very thin AIN barrier layers, the
AIN nanograins have not yet completely coalesced in a continu-
ous and dense barrier layer structure. Consequently, the AIN bar-
rier layer rather behaves as a flexible nanoporous membrane (i.e.
thermal-mismatch-induced fracturing is not observed); the open
grain boundary structure provides an easy pathway for the outflow
of Ag-Cu across the AIN nanolayer towards the outer surface.

Open grain boundaries, nanopores and controlled localized
deformation of NMLs by nanoindentation2! provide alterna-
tive pathways for controlling and patterning metal outflow from
NMLs upon rapid annealing, which could be exploited for lo-
calized bonding and simultaneous interconnecting of micro- or
nano-scaled object at patterned NML surfaces. Other factors, like
oxygen in the atmosphere and internal stress relaxation may also
favor the directional diffusion of the confined metal phase.l!

2.3 Effect of the Strain Gradient

As shown above, internal stress is responsible for mechanical
and thermal instabilities, which can lead to failure and reliability
issues in NMLs.[21l The main challenge is that the stress distri-
bution is not homogeneous across the NML depth and therefore
the presence of a strain/stress gradients cannot be neglected.[22]

The assessment of strain depth profiles in thin films and multi-
layers in the nanometer range is not straightforward and requires
advanced XRD analysis combined with a specific measurement
geometry.[23 Important stress contributions typically occur in the
vicinity of internal heterointerfaces, as well as at the main inter-
faces of the NML with parent substrate and the free surface. In
general, buried layers in the vicinity of the incoherent interface
with a crystalline substrate will experience higher strains than top

a)

Mano-confined Ag-Cu alloy

onfined Ag-Cu allo

Fig. 3. Planar SEM images of Ag-Cu/AIN nanomultilayers after 400 °C
annealing in air. Different sizes and shapes of Cu and/or Ag protrusions
appear on the annealed NM surface, depending on the AIN barrier thick-
ness. Adapted from ref. [19].
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Fig. 4. Graded Cu/W nanomultilayers as obtained by combining two different bilayer stacks. The different as-deposited strain depth profiles result
in different Cu outflow patterns after annealing at 600 °C, as well as in differently graded nanocomposite microstructures after annealing at 800 °C.

Adapted from ref. [24].

layers adjacent to the free surface, since growth stresses can more
easily relax towards the free surface. For example, for single Cu
layers deposited on sapphire substrates, a combination of coher-
ency and depositon stresses occur in the first few nanometers ad-
jacent to the substrate, which is gradually relaxed towards the film
surface.!23] For NML systems, different strain depth distributions
can be obtained by varying the bilayer thickness across the depth.
For example, different stress gradients in Cu/W NML were ob-
tained by varying the sequence of the bilayer building blocks.24
Noteworthy, the average internal stress derived by conventional
XRD was found to be very similar for both NML systems and is
therefore blind to distinguish such in-depth strain gradients.[24
The amount of Cu outflow upon annealing of these two differently
stacked Cu/W NMLs (in the range of 400-600 °C) was found to
depend on the shape of the strain profile; this suggests that smart
design of the bilayer block arrangement might be exploited as a
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Fig. 5. Thermal conductivity evolution as function of the interface density
(inset) and as function of the annealing temperature for different Cu-
based multilayers. Adapted from ref. [28].

tool to tailor surface outflow of the confined metal. Comparison
with strain depth profiles of single layers of W and Cu with a simi-
lar thickness (~200 nm) clearly evidences that multilayer design
provides a powerful tool for tailoring in-depth stress gradients.
Moreover, the nanocomposite microstructure, as obtained after
NML degradation at 800 °C, also has a differently graded com-
positional structure in depth, depending on the sequence of the
different bilayer stacks (Fig. 4).

2.4 Effect of the Interface

Heterointerfaces in multilayers determine the chemical ad-
herence, coherency, interface stress, structural stability and in-
terfacial atom mobility under harsh processing and/or operating
conditions. Incoherent (defective) heterointerfaces between two
chemically inert crystalline solids can promote interfacial pre-
melting (resulting in a melting point depression; MPD) and of-
fer an enhanced interfacial atomic mobility. In contrast, coherent
(epitaxial) heterointerfaces between two chemically inert crys-
talline solids generally obstruct interfacial pre-melting (causing
superheating) and suppress interfacial atomic mobility. Model
predictions of Ag/AIN and Cu/AIN interface structures by DFT
evidence that the semi-coherent Cu/AIN interface contains a high-
er density of lattice misfit dislocations and/or point defects!?3! than
the more coherent Ag/AIN interface.

The atomic mobility of Cu along the semi-coherent Cu/AIN
interface is therefore considerably higher as compared to the
atomic mobility of Ag along the Ag/AIN interface. This facilitates
transport of Cu along internal Cu/AlIN interfaces to defective sites
(i.e. permeable channels) in the AIN barrier layers for patterned
surface outflow by rapid thermal annealing.[*l Doping of Ge at the
AIN interface of Ag/AIN NMLs effectively suppresses Ag outflow
upon annealing; Ag outflow then occurs mainly through thermal-
mismatch-induced cracking of the barrier layer.[20] Interfacial Ge
also changes the stress state in Ag from compressive to tensile.
In the presence of Ge, the interfaces become more ordered after
annealing,!?’! thus improving the thermal stability of the system.

Thermal conductivity in NML has been found to mainly de-
pend on the interface density.[28) Interfacial thermal resistance is
the primary impediment to heat flow in materials and devices, as
characteristic lengths become comparable to the mean-free paths
of the energy carriers. In Cu/W multilayers, thermal conductiv-
ity was found to inversely scale with the interface density (inset
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Fig. 5), while in other systems, like Cu/Ta and Cu/TaN, the ef- Koutsogeorgis, P. Patsalas, Nanotechnology 2015, 26, 155301,

fect is less pronounced. The resistance between adjacent layers
within a period depends not only on the material combination, but
also on the structural disorder at the heterointerfaces. The thermal
conductivity of Cu/W NMLs is thus boosted by the reduction of
internal interfaces, as induced by e.g. NML degradation and NC
formation upon high temperature annealing (Fig. 5).

The characteristics of heterointerfaces in NML systems also af-
fect the grain size and disorder of the alternating nanolayers. A dif-
ferent parent substrate changes the atomic structure of the substrate/
multilayer interface, resulting in a different stress state and crystal-
line quality of the NML stack. For example, 50 nm of W deposited
on a Si substrate with and without a 5-nm-thick Cu interlayer results
in very different microstructures and stress states (see Fig. 6a). The
XRD intensity of the W(110) reflection is 2 orders of magnitude
more intense in the presence of a S-nm-thick Cu interlayer between
the Si substrate and the W layer. The resulting internal stress is also
very different with and without the Cu interlayer (see the peak shift
in Fig. 6a). The stress evolution during growth, as measured by in
situ curvature method, indicates that the relaxation of accumulated
compressive growth stresses in W is facilitated in the presence of
a thin Cu interlayer (Fig. 6b). These findings indicate the major
role played by the substrate/overlayer interface in determining the
microstructure and stress state of single and multilayer systems.

3. Conclusions

The impact of the microstructure on the physical properties
of functional materials by multilayer design has been briefly ex-
emplified. The comprehensive understanding of the property—mi-
crostructure relationship requires accurate control of the atomic
structure and composition of the heterointerfaces, the individual
layer thicknesses, as well as the in-depth stress gradients. The
delicate interplay between the above microstructural features
determines the functional properties, reliability and durability of
material heterostructures, not only in their as-grown condition,
but also upon operation under harsh conditions, which is of utmost
important for real-life applications.
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