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ABSTRACT: Improving the interface stability for nanosized thin films on brittle substrates is
crucial for technological applications such as microelectronics because the so-called brittle−
ductile interfaces limit their overall reliability. By tuning the thin film properties, interface
adhesion can be improved because of extrinsic toughening mechanisms during delamination. In
this work, the influence of the film microstructure on interface adhesion was studied on a
model brittle−ductile interface consisting of nanosized Cu films on brittle glass substrates.
Therefore, 110 nm thin Cu films were deposited on glass substrates using magnetron
sputtering. While film thickness, residual stresses, and texture of the Cu films were maintained
comparable in the sputtering processes, the film microstructure was varied during deposition
and via isothermal annealing, resulting in four different Cu films with bimodal grain size
distributions. The interface adhesion of each Cu film was then determined using stressed Mo
overlayers, which triggered Cu film delaminations in the shape of straight, spontaneous buckles.
The mixed-mode adhesion energy for each film ranged from 2.35 J/m2 for the films with larger
grains to 4.90 J/m2 for the films with the highest amount of nanosized grains. This surprising
result could be clarified using an additional study of the buckles using focused ion beam cutting and quantification via confocal laser
scanning microscopy to decouple and quantify the amount of elastic and plastic deformation stored in the buckled thin film. It could
be shown that the films with smaller grains exhibit the possibility of absorbing a higher amount of energy during delamination, which
explains their higher adhesion energy.

KEYWORDS: thin film adhesion, brittle−ductile interface, spontaneous buckles, film microstructure, nanosized Cu films

1. INTRODUCTION

Nanosized metal films are ubiquitous in various technological
applications and act as coatings, protective layers, or
integrated structures in microelectronic devices. Therefore, a
large variety of ductile thin-film brittle substrate material
combinations exist. Their mechanical behavior and involved
plasticity mechanisms have been of interest for the past
decades.1 Particular focus was set on the mechanical
characterization and dislocation activities of thin films on
rigid substrates.2 It is well-known that brittle−ductile
interfaces are usually mechanically weak, and they often
represent limitations in technological applications. Consider-
ing this, interface adhesion is an important measure to
quantify the stability of the material combination and to
assess the overall reliability of the system. Another approach
in interface engineering is to tune the film properties to
improve the interface stability. It is therefore crucial to
understand how the film properties may influence their
adhesion behavior.
In general, the (thermodynamical) true work of adhesion,

Wad, determines how energetically favorable the separation of

two materials, numbered 1 and 2, attached to each other is 3.
This approach is described by the energy balance of the free
surface energies of both materials, γi, reduced by their
combined interface energy, γ12, and is consistent with
Griffith’s crack propagation criterion for linear elastic
monolithic materials, leading to the following expression4,5

γ γ γ= + −Wad 1 2 12 (1)

Evans et al. have already recognized that these models
need to be modified when a ductile component is present, as
there may be some significant energy dissipation attributed to
the formation of a plastic zone at the crack tip, leading to an
overestimation of the true adhesion.6,7 Experimentally, only
the practical work of adhesion, Γ, is obtained and can be
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understood as the sum of two contributions: the “true”
thermodynamic work of adhesion, Wad, and the inelastic
contributions, leading to energy dissipation mechanisms
occurring at or near the interface during delamination Wp.

8

Γ = +W Wad p (2)

The energy balance in eq 2 necessary to cause interface
delamination has been expressed similarly in previous works
and depends on various extrinsic and intrinsic factors such as
mode mixity, residual stresses, film thickness, interface
chemistry, and film microstructure.3,9−12

The mixity of loading modes, defined as the mode I to
mode II loading ratio at the crack tip, is often referred to as
the phase angle of loading, Ψ. It has a high influence on the
energy dissipation (adhesion values). When a pronounced
shear loading (mode II) occurs, higher adhesion is measured
than in pure mode I loading. In the case of a crack
propagating at an interface between two dissimilar materials,
mode mixity will always be present because of an elastic
mismatch between the film and substrate materials, which can
be evaluated by the Dundurs parameters.1,3,13 Residual
stresses are inevitable in thin-film systems and originate
because of the deposition process, growth conditions, thermal
mismatch between the involved materials, or a combination
thereof. In ductile thin-film systems, residual stresses highly
influence the yield behavior of the film, which in turn
enhances the plasticity dissipation contribution, manipulating
the interface fracture behavior significantly. For example,
Litteken et al. showed that the interface fracture energy
varied drastically as a function of the biaxial film stress state.
Films with high compressive stress revealed 50% higher
interface fracture energies compared to the same material
systems with films having tensile stresses.14 The film
thickness influences the plasticity mechanisms activated
within the layer and consequently determines the yield
behavior of thin films and multilayers.15 A quantification of
the plastic zone size created ahead of a crack propagating at
the interface allows to understand the interface fracture
behavior and involved mechanisms activated during this
process. In a previous study, Cordill et al. investigated the
role of the microstructure of 1−2 μm thick Cu films on their
adhesion to W films, finding that softer Cu films (with larger
grains) adhered better to the W films as opposed to their
small-grained counterparts. A quantification of the plastic
zone size next to the delaminated regions revealed that films
with stronger adhesion were accompanied by larger plastic
zones.16 However, a detailed analysis of how the micro-
structure of nanosized metallic films influences interface
adhesion is still lacking. A change in the interface chemistry
due to interfacial reactions (e.g., interdiffusion of the
materials) can lead to the degradation and aging of the
interface properties because of the creation of bulk interfaces.
A highly feared example in microelectronics is bulk copper
silicides (e.g., Cu3Si), which form when Cu films are directly
deposited on silicon.17,18 However, for polymer substrate
metal films also, bulk interfaces were found to change the
interfacial structure significantly when the material system is
exposed to elevated temperatures.19 The glass−Cu system
reveals adhesion values around 2 J/m2 obtained by a double
cantilever beam (DCB) test method. The fracture location of
this materials system is the interface; a plastic zone size of
around 0.31 μm accompanying the delamination has been
found for Cu films with a thickness of around 100 μm.20 By

introducing controlled interfacial geometries, a significant
improvement of the same interface could be achieved by a
factor of 4−7 by designing novel interface geometries and
benefiting from extrinsic toughening.21 The authors state that
plasticity in the Cu film is responsible for the improved
interfacial toughness.
Various factors influence the adhesion behavior of the

investigated materials system. Usually, these factors (residual
stress, interfacial reactions, film thickness, and microstructure
of a film) are difficult to decouple from each other. The
model of Hutchinson and Suo for straight-sided buckles has
been widely adopted to quantify the interfacial fracture
energy of bimaterial interfaces,22 allowing to easily assess the
adhesion data of thin films, which delaminate in the shape of
straight-sided buckles. This model is, however, rooted in the
Euler beam theory and assumes elastic deformations while
ignoring plastic deformation during the delamination.
Plasticity is known to play an important role during
delamination, but the early research mostly dealt with film
thickness effects rather than film microstructural effects.23,24

Recently, theoretical work has been dedicated to account for
dislocation activity during delamination by Ruffini and co-
workers.25,26

Within this study, it is the goal to decouple film
microstructure from the abovementioned parameters and to
thoroughly study its influence on interface adhesion energy
for nanometer-sized films. Therefore, thin Cu films were
deposited on glass substrates by means of DC magnetron
sputtering. This model system was chosen because no bulk
interphases between Cu and glass are expected to form
during deposition and after heat treatments. The adhesion
was determined using stressed Mo overlayers deposited on
top of the Cu films causing, delamination of the Cu−glass
interface. This method was chosen because it is easy to
perform on very thin films in the nanometer regime, allowing
to locally assess adhesion of the desired interface.27,28

2. EXPERIMENTAL DETAILS
2.1. Investigated Materials. Copper thin films with a thickness

of 110 nm were sputter-deposited onto 0.5 mm thick boro-
aluminosilicate glass substrates (Corning EAGLE2000 AMLCD).
The films were deposited in a lab-scale magnetron sputtering device
by sputtering from one Cu target (purity of 99.99%, dimensions of
Ø 50.8 mm × 6 mm), where the distance between the target and
substrate was 4.5 cm. During deposition, the DC current applied to
the Cu target was set to 0.4 A while an asymmetric bipolar pulsed
DC bias voltage of −100 V was applied to the substrate. Two
deposition runs were performed at 0.5 and 1 Pa argon pressures
(corresponding to Ar flows of 30 and 60 sccm, respectively) without
additional substrate heating for around 1 min deposition time. The
change of argon pressure during deposition resulted in two Cu films
with different initial microstructures but having the same thickness.
A further modification of the film microstructure could be achieved
by isothermal annealing under vacuum at 400 °C (corresponding to
a homologous temperature of Cu of around Th ∼ 0.5) for 2 h. The
study was conducted on both the as-deposited and annealed films,
leading to a total of four different film microstructures.

The grain size distribution of the film surface was quantified using
ion channeling contrast (ICC) imaging in a Zeiss LEO 1540XB
focused ion beam (FIB) workstation. The average grain diameter of
the coarse grains and the area percentage of the nanosize-grained
regime was determined from the obtained images, followed by a
particle size analysis with DigitalMicrograph. Twins eventually
formed within the Cu grains are not considered in this study.
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The film cross sections were also examined with transmission
electron microscopy (TEM) for which electron transparent lamellae
were prepared in an FEI Helios NanoLab 660 FIB workstation
equipped with an FEI EasyLift EX micromanipulator. Rough and
fine cutting was conducted at an accelerating voltage of 30 kV, and
milling currents ranged from 20 nA to 50 pA. The final polishing of
the lamellae was performed at an accelerating voltage of 5 kV and
milling current of 50 pA. The TEM sample preparation was
conducted on samples covered with a protective Mo overlayer
(described later); thus, the Cu films were protected during the
entire sample preparation process. The specimens were observed in
a JEOL 2200 FS TEM using an acceleration voltage of 200 kV. For
a better grain contrast, the images were taken in bright-field
scanning transmission electron microscopy (BF-STEM) mode.
After a detailed analysis of the Cu films in the as-deposited and

annealed state was conducted, stressed Mo overlayers were
deposited with high compressive stresses to cause controlled
delaminations at the Cu−glass interface. An industrial scale in-line
magnetron sputtering system with a rotatable Mo target (FHR Line.
600 V, target size ϕ 152 mm × 600 mm) was used.29 Prior to
deposition, an inverse sputter-etching step was introduced to remove
possible oxides and debris on the Cu films and to ensure good
adhesion between the Cu films and the Mo SOL. The Cu film
samples were fixed on the carrier, and after a pressure of less than 1
× 10−4 Pa was reached, a gate valve opened, and they were moved
into the deposition chamber. Sputter-etching was conducted by
oscillating the carrier for six cycles with a velocity of 20 mm/s in
front of an radiofrequency plasma with an argon pressure of 0.28 Pa
and a power of 0.8 kW. For the deposition, the carrier was stationed
in a central position opposite to the magnetron at a target−substrate
distance of 75 mm. The Mo SOL was deposited on the Cu films
with a discharge power of 10 kW, an Ar pressure of 0.37 Pa, and 10
rotations per minute of the target. The entire sputter process lasted
46 s, leading to 500 nm thick Mo SOL with a high compressive
residual stress of −2.2 GPa, which was measured by XRD using the
110 peaks of the Mo films, as described in Section 2.2.
Figure 1 shows a schematic of the investigated structure. The

high compressive stress induced spontaneous delamination at the

Cu−glass interface in the form of straight-sided buckles. From these
resulting buckles, the interface fracture energy, or adhesion, could
then be measured using the adhesion mechanics presented in
Section 2.3.
2.2. Residual Stresses and Yield Stress Estimation of Cu

Films. The residual stresses in the four different copper films (as-
deposited and annealed) were determined by synchrotron radiation
(KMC-2 beamline, BESSY II, Berlin) using a Bruker VÅNTEC 2000
detector.30 The film strains were determined by means of the sin2 Ψ
method, where 111 and 200 Cu peaks were recorded at nine
different φ angles between 0 and 50°. An exposure time of 7 s and a
beam energy of 8048 eV (wavelength 0.154 nm, equivalent to Cu
Kα1) were used. Directional stress inhomogeneities were excluded
by repeating the experiments with the specimen rotated 90° around
its surface normal. The peak positions and widths were then
acquired using Pearson fits, revealing the obtained lattice strains.
The corresponding X-ray elastic constants for the recorded Cu peaks
were then determined by means of the Elastix database assuming the
Hill model,31 allowing to finally compute the film stresses.

Nanoindentation was also performed on the Cu films to estimate
their yield stresses. Using a Bruker TS77 Select nanoindenter with a
Berkovich tip (approximate radius of 200 nm), 25 indents were
made using loads between 100 and 1500 μN (resulting in
displacements between 20 and 100 nm, respectively) and a constant
loading rate. Residual indent imprints were larger than the average
grain size of the films. The indent load−displacement curves were
analyzed using the well-known Oliver and Pharr method and an area
function calibrated using fused silica.32 From the evaluated hardness
measurements and Tabor’s solution (H = 2.8σy, H is the hardness
and σy is the yield stress), the yield stress of the Cu films were
estimated.33

2.3. Adhesion Mechanics. Adhesion was determined from the
spontaneous buckles caused by the Mo SOL, as described by
previous works.34−36 Bagchi and Evans have built the frameworks on
the mechanics of bilayer delamination from a substrate;37 Kriese et
al. extended the model to include indentation-induced delamination
of bi- and multilayer systems.35,38 The characteristic dimensions of
the buckles allow to determine the interfacial fracture energy, Γ(Ψ).
For bilayer delamination, the model of Hutchinson and Suo for
straight-sided spontaneous buckles can be extended by including the
different stiffnesses of the involved film materials.22 The critical
buckling stress, σB, can then be determined by computing the
moment of inertia, IT, of this bilayer system, according to35,38

∑= + ̅ −
=

I n kh n kh Y y
1

12
( )

i
i i i i iT

1

2
3 2

(3)

where Y̅ is the composite centroid, considering the different moduli,
Ei, of the films, yi, is the centroid, and, hi, is the film thickness of
each individual layer, respectively. In eq 3, n is necessary to create a
transformed cross section of the two layers taking the different
Young’s moduli of the investigated materials into account. The
variables k and b will cancel out once the critical buckling stress, σB,
is computed with eq 4. For a deeper understanding, the reader is
referred to ref 35.

The critical buckling stress, σB, can be obtained by
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where E1 is the Young’s modulus, and ν1 is the Poisson’s ratio of the
Mo film (material 1 of the layer system).

The residual or driving stress, σD, is then analogous to the model
of Hutchinson and Suo

σ σ δ= · · +h
3
4

( / ) 1D B
2

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ (5)

where δ is the buckle height and h is the total film thickness of the
involved layers.22

Finally, the mixed-mode adhesion energy Γ(Ψ) can be computed
analogously to straight-sided buckles22
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where h is the total film thickness, E is the thickness weighted
modulus, and ν is the thickness weighted Poisson’s ratio of the
bilayer. The phase angle of loading, Ψ, corresponds to the ratio of
mode I and II loading modes and can be estimated by eq 7

ω ξ ω
ω ξ ω
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− +
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where ω is around 52.1° and ξ = δ/h corresponds to the ratio of the
buckle height to the total film thickness.

The interfacial fracture toughness under pure mode I (normal
forces acting at the interface) ΓI can then be obtained by

Figure 1. Schematic of the film system: glass substrates covered with
110 nm thin Cu films with highly stressed Mo overlayer on top for
adhesion measurements.
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λ
Γ = = Γ Ψ

+ { − ·Ψ}
( )

1 tan (1 )I 2 (8)

where λ is a material parameter and is approximately 0.3.39

2.4. Postbuckling Characterizations. Spontaneous delamina-
tion of the Cu films from the glass substrates was achieved with the
addition of a 500 nm Mo SOL in the shape of straight buckles, as
shown in Figure 2a. The buckles were then used to compute the
corresponding adhesion energies according to eqs 3−8. Confocal
laser scanning microscopy (CLSM) (OLYMPUS LEXT 4100 OLS)
was employed to determine the buckle dimensions (buckle height, δ,
and buckle width, 2b) as shown in Figure 2b. For the adhesion
evaluation, at least three buckles per film were used and a total of at
least 20 measurements were conducted. The straight-sided buckles
were quite long and traversed most of the sample width (up to 1
cm), as shown in the inset in Figure 2a. The delamination
morphologies were identical for each Cu film type as the buckle
shape was controlled by the Mo overlayer.
The failing interface was confirmed by FIB cross-sectioning of the

buckles and examination through the transparent glass substrate. A
delamination of the Cu−Mo interface could be generally excluded
by an optical inspection of the bottom side through the transparent
glass substrate and the top side (molybdenum side) of the
delaminated films, where the exact same delamination morphologies
(i.e., buckles) were observed.
2.5. X-Ray Photoelectron Spectroscopy of the Cu−Glass

Interface. X-Ray photoelectron spectroscopy (XPS) analyses were
conducted on selected Cu−glass interfaces to check if the interfacial
chemistry changes significantly as a function of (a) the deposition
parameters (0.5 Pa vs 1 Pa Ar pressure) and (b) isothermal
annealing of the Cu films (0.5 Pa as-deposited vs 0.5 Pa annealed).
The Cu films were peeled off the glass substrates using a double-
sided tape, and both parts were then immediately analyzed. The
XPS spectra of both sides (the Cu film and glass substrate sides)
were recorded using a Thermo Scientific instrument (K-Alpha
spectrometer, Thermo Fisher Scientific, Waltham, USA) equipped
with a monochromatic Al Kα X-ray source (1486.6 eV). High-
resolution scans were performed with a pass energy of 50 eV and a
step size of 0.1 eV. All analyses were performed at room
temperature.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Cu Film Characterization: Microstructure, Mechanical

Properties, and Chemistry. All four films revealed a highly
bimodal grain structure, where coarse grains are embedded in an
ultrafine-grained matrix, as shown in the ICC images in Figure 3.
After annealing, significant grain coarsening and a reduction of the
ultrafine-grained regime were observed.

Using the images in Figure 3 the grain size distribution of each
film type was quantified. The films deposited at 0.5 Pa Ar pressure
revealed a highly bimodal microstructure: 71% of the investigated
area is nanocrystalline with grain sizes of few tens of nanometers,
and 29% of the area is coarse-grained with an average grain diameter
of 340 nm. After isothermal annealing of the same film, the coarse-
grained area fraction increased to 69%, with an average grain
diameter of 352 nm. The annealing treatment did not change the
average size of the coarse grains significantly but decreased the
amount of the ultrafine-grained matrix. The films deposited at 1 Pa
Ar pressure also showed a bimodal microstructure, where 50% of
the investigated area is coarse-grained with an average grain
diameter of 320 nm. After annealing, 67% of the area was covered
with coarse grains with an average grain size of 463 nm. In this film
system, the annealing treatment not only decreased the fraction of
ultrafine-grained matrix but also increased the average size of the
coarse grains significantly. A preferential texture was not detected in
any of the films, as confirmed by electron backscatter diffraction
(EBSD) scans in Figure 4. A summary of the grain size distributions
can be found in Table 2.

BF-STEM images were also made on selected films to reveal the
cross-sectional microstructure throughout the Cu film thickness and
to exclude the presence of bulk interfacial phases or a drastic change
of the Cu−glass interface morphology during heat treatments.
Figure 5 shows the TEM cross sections of the Cu films deposited at
0.5 Pa Argon pressure in the as-deposited (fine-grained section) (a)
and annealed state (b). The cross-sections agree well with the top-

Figure 2. (a) CLSM profile imaging of a spontaneous buckle. Inset shows overview of several straight buckles throughout the sample and (b)
buckle height profile corresponding to the region of interest (white line) highlighted in (a) with δ buckle height and 2b the buckle width
indicated.

Figure 3. ICC images showing the top view of the Cu film
microstructures in their as-deposited and annealed (2 h at 400 °C)
states. (a) As-deposited at 0.5 Pa Ar pressure and its annealed
counterpart (c); (b) as-deposited at 1 Pa Ar pressure and its
annealed counterpart (d).
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view images in Figure 3 and again confirm significant grain
coarsening due to the annealing treatment. While the annealed films
predominantly reveal columnar grains, as-deposited films have small-
grained regimes and various grains throughout the film thickness.
The Cu−glass interface morphology is similar in both states, and a
perfectly flat interface is maintained. It can therefore be expected
that annealing has no influence on bulk chemical reactions at the
interface or a change in the interface roughness.
The hardness, H, of each Cu film was obtained using

nanoindentation, as previously described. Tabor’s solution, σy =
H/2.8, allows the direct estimation of the yield stress, σY, of each Cu
film. The films deposited at 0.5 Pa Ar pressure showed a hardness of
(4.13 ± 0.23) GPa and a corresponding yield stress of (1.48 ±
0.08) GPa. After annealing, hardness and yield stress dropped to
(3.42 ± 0.16) GPa and (1.22 ± 0.06) GPa, respectively. For the
films deposited at 1 Pa Ar pressure, a similar trend could be
observed: the as-deposited films showed a hardness of (4.40 ± 0.25)
GPa and a yield stress of (1.57 ± 0.09) GPa. After annealing, both
values decreased to (3.50 ± 0.15) GPa and (1.25 ± 0.05) GPa,
respectively. As expected, the films with a higher area fraction of the
coarse-grained region and larger average grain size show decreased
yield stress values. Table 1 summarizes the results of the XPS survey
scans showing a similar distribution of the elements on the glass
substrates and on the Cu film sides, regardless of the deposition
parameter and annealing treatment. For a more detailed analysis, the

Cu 2p peaks were recorded on the substrates and film sides and are
summarized in Figure 6. While the spectra of the Cu films (Figure
6a) were similar for all three specimens, showing a mixture of Cu
and Cu2O; the Cu 2p peaks recorded on the glass side needed an
additional peak fit analysis (Figure 6b),40 showing an additional
contribution of Cu(OH)2 in the as-deposited state, which vanished
in the annealed state.41 The chemical composition is identical
between both as-deposited runs. From these results, it can be
demonstrated that the interface chemistry is similar for the as-
deposited and annealed samples and thus does not significantly
contribute to the different adhesion energies that were measured.

3.2. Residual Stresses. All four Cu films showed equi-biaxial
tensile stresses. In the case of the as-deposited 0.5 Pa films, residual
stresses of (120 ± 17) MPa and after annealing, an increase of the
stresses up to (310 ± 24) MPa was measured. In contrast, for the 1
Pa-deposited films, the as-deposited film revealed higher tensile
stresses of (321 ± 16) MPa, which slightly decreased after annealing
to (229 ± 24) MPa. All four films feature tensile stresses in the
MPa regime (all four were below 500 MPa), and, therefore, it is
assumed that the different film stress values do not alter the
mechanical behavior of the interface significantly.

3.3. Interfacial Fracture Energy Evaluation. Overall in-
spection of the buckled samples from the top side (Mo) and the
bottom side (transparent glass) revealed the same buckling
morphologies, which confirms that the delamination occurred only

Figure 4. EBSD scans of the top view of the Cu films: films deposited at 0.5 Pa Ar pressure (a) and after annealing (b); films deposited at 1 Pa
Ar pressure (c) as-deposited at 1 Pa Ar pressure and (d) after annealing.

Figure 5. BF-STEM images of the Cu sample deposited at 0.5 Pa Ar pressure (a) as-deposited and (b) annealed Cu−glass interfaces covered
with Mo overlayer.

Table 1. Chemical Surface Composition (at. %) of the Glass Side and Cu Film Side as a Function of the Deposition
Parameter and Isothermal Annealing

glass side (at. %) Cu film side (at. %)

film type O Si Cu C Ca N Cu O C N

0.5 Pa as-dep. 55.76 26.13 2.23 13.21 1.50 1.17 42.34 23.41 31.17 3.09
1 Pa as-dep. 56.15 26.42 1.73 13.15 1.38 1.19 42.01 23.10 32.62 2.28
0.5 Pa annealed 56.43 26.39 2.06 13.51 1.61 1.71 39.77 24.76 32.38 3.08
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at the Cu−glass interface. A delamination between the Cu film and
the Mo overlayer can therefore be excluded in every specimen. FIB
cross sections on selected buckles are shown in Figure 7 revealing
the onset of the buckles. A similar behavior of the delaminated films
for each Cu film can be observed.
Using the adhesion mechanics presented in Section 2.3 and the

buckle dimensions determined by CLSM, the interfacial fracture
energies were calculated for each film system. The films deposited at
0.5 and 1 Pa revealed a similar trend: the coarser grained films
revealed lower adhesion energies than their small-grained counter-
parts. For the films deposited at 0.5 Pa, the as-deposited films
revealed adhesion energies of (4.90 ± 0.33) J/m2, and after

annealing (and subsequent grain coarsening) the adhesion value
decreased to (2.98 ± 0.19) J/m2. The films deposited at 1 Pa
revealed a similar behavior: in the as-deposited state, the adhesion
was (4.43 ± 0.12) J/m2; after annealing the adhesion dropped to
(2.35 ± 0.12) J/m2. The films with a higher amount of nanosized
grains and a smaller average grain size revealed higher adhesion
energies compared to the films with larger grains, while other
parameters, such as film thickness and residual stresses remained
comparable. For each buckle type, the corresponding Ψ angle of
loading was computed ranging between −80 and −87°, which
indicates a dominant shear loading mode during delamination for all
film types. The normal- mode adhesion energy ΓI was also

Figure 6. Cu 2p core-level XPS spectra of the as-deposited and annealed specimens with (a) overview of the Cu film and glass sides,
respectively, and (b) detailed comparison of Cu 2p core-level XPS spectra derived from the peeled glass surfaces of the as-deposited and
annealed samples.
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determined for each film type, according to eq 8. Again, the films
with larger grains show lower adhesion under pure mode I loading.
An overview of the results is given in Table 2. The values of the
adhesion strength compare well to other values for the Cu−glass
interface in literature. For example, Oh et al. measured interfacial
fracture energies between 1 and 10 J/m2 using a DCB geometry; the
inherent toughness G0, however, is in the order of 2 J/m2.21

3.4. Elastic and Plastic Contribution of Buckles. Films with a
higher amount of nanocrystalline grains and smaller average grain
size in the coarse-grained regime show an increased mixed mode
fracture energy and normal-mode adhesion, which is in contra-
diction to previous studies.16,42 To shed light into the involved
mechanisms during interfacial delamination and to understand why
thin films with smaller grains result in higher adhesion energies, an
additional study was conducted using a postbuckling FIB cut
method, which allows to decouple the amount of elastic and plastic
energy stored in the buckles. Therefore, two parallel cross-sectional
FIB cuts across the total width of selected buckles were performed
around 10 μm apart. A third cut was then positioned perpendicular
to both previous cuts approximately at the point of maximum buckle
height, resulting in an H-shaped FIB cut perpendicular to the
buckle, as shown in Figure 8c. The investigated buckles were imaged

with CLSM before and after FIB cutting to evaluate the amount of
relaxation and permanent deformation due to buckling of the film
system. If the buckles were purely elastic, the FIB cut part would
entirely collapse and return to its original flat thin film shape. The
comparison of the buckle height (Figure 8a) revealed permanently
deformed buckles, with a residual buckle height, δ′, being less than
the original buckle height, δ0, but having the same buckle width 2b,
meaning that the interfacial crack did not propagate further than the
already delaminated portion.

The comparison of the height profiles in Figure 8 reveals that
after buckling, permanent deformation in the film is present. To
quantify the deformation ε in the buckled Cu film, eq 9 is used to
estimate the strain ε at the onset of a buckled region

ε
ρ

ε
ρ

ε
ρ
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= −
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ooooooo
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where y is the coordinate of the Cu film with respect to the neutral
axis of the Cu−Mo bilayer system, taking the different Young’s
moduli and thicknesses of the individual films of the bilayer into

Figure 7. FIB cross sections of the delaminated films, showing the onset of the buckles: (a) film deposited at 0.5 and (b) 1 Pa, both in the as-
deposited state, (c) film deposited at 0.5 Pa, after annealing, and (d) film deposited at 1 Pa, after annealing.

Table 2. Summary of Cu Thin Film Properties

film type

area fraction of
nanocrystalline regime

(%)

av. grain size of
coarse-grained regime

(nm)

residual
stress
(MPa)

hardness H of
Cu film (GPa)

yield stress σY of
Cu film(GPa)

adhesion
Γ(Ψ) (J/m2) Ψ ΓI (J/m

2)

0.5 Pa as-
deposited

71 340 120 ± 17 4.13 ± 0.23 1.48 ± 0.08 4.90 ± 0.33 −87° 1.14 ± 0.08

0.5 Pa
annealed

39 352 310 ± 24 3.42 ± 0.16 1.22 ± 0.06 2.98 ± 0.19 −80° 0.92 ± 0.06

1 Pa as-
deposited

50 320 321 ± 16 4.40 ± 0.25 1.57 ± 0.09 4.43 ± 0.12 −84° 1.17 ± 0.03

1 Pa
annealed

33 463 229 ± 24 3.50 ± 0.15 1.25 ± 0.05 2.35 ± 0.12 −81° 0.70 ± 0.04

Figure 8. Profile analysis of the same buckle before and after H-shaped FIB cutting. (a) Comparison of height profiles of a buckle (before and
after FIB cutting) measured from the corresponding CLSM images before (b) and after H-shape FIB cutting (c), respectively.
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account. ρ corresponds to the radius of curvature at the onset of the
buckle and may either be determined in the buckled state, ρbuckle, or
after the FIB cut, ρFIB, to determine the sum of the elastic and
plastic strain in the buckled state, εe+p, or only the plastic
(permanent) strain, εpl, after FIB cutting, respectively. For the
computation of ρ, the reader is referred to the Appendix (see eq
A2). In Figure 9 the mixed-mode adhesion energy is plotted as a

function of the plastic strain εpl and the films, which showed
increased adhesion also exhibited a higher plastic deformation.
Therefore, the energy absorption during plastic deformation can be
regarded as the main dissipation mechanism during interface
delamination. The stress state of the Cu films during buckling
delamination via a stressed Mo overlayer and subsequent stress relief
after above described FIB cut can be understood using a stress−
strain relationship in the loaded (i.e., buckled) and unloaded
condition (i.e., after FIB cut). In this discussion, it is assumed that
the Mo overlayer deforms purely elastically in each state. In the
unbuckled state, a highly stressed Mo overlayer of −2 GPa
compressive stress is deposited onto the Cu film. After buckling,
the stress in the Mo overlayer is relieved, leading to a deformation
of the Mo film εMo = σ/EMo = 2 GPa/329 GPa ≅ 0.6%. The Cu
film undergoes the same deformation, which leads to a stress σCu1
proportional to its Young’s modulus, ECufilm, namely, σCu1 = ECufilm ×
εMo. In addition, the Cu film experiences deformation εe+p at the
onset of a buckle described by eq 9 using ρbuckle. After the FIB cut,
the stress of the buckle segment is relieved and only the final
deformation, εpl, described by eq 9, with ρFIB present. The
deformation values in the loaded and unloaded state are compared
in Table 3. For the films with smaller grains, increased yield stresses
were measured compared to the larger grained films. Consequently,
when comparing the stress−strain curves of a large-grained and
small-grained film that buckles, more energy can be absorbed by the
small-grained films, which is also confirmed by the higher adhesion
values.

4. CONCLUSIONS
In this study, the main question was to determine if the film
grain size has an influence on the adhesion values of
nanosized Cu films, while other aspects such as film
thickness, interface morphology and chemistry, as well as

residual stresses, and loading mode of the thin films were
comparable. It was shown on 110 nm Cu films on glass
substrates that spontaneous delamination via a stressed
overlayer is accompanied by significant plastic deformation
in the Cu film, which is the most dominant energy
dissipation mechanism in this material system. The as-
deposited films with smaller grains revealed higher mixed
mode and pure mode I adhesion values. To understand the
involved dissipation mechanisms, postbuckling studies were
conducted by means of a customized FIB sectioning method,
allowing for the decoupling of the elastic and plastic
contribution during the buckling (delamination) process. All
films revealed significant plastic strains between 0.25 and
0.35% in the unloaded condition, which were quantified in
the buckle onsets. These strain values were then compared to
the adhesion data and illustrated a direct link between plastic
deformation and the mixed-mode adhesion energy. The
delamination process via buckling by means of a stressed
overlayer was compared to a stress−strain curve analogy,
where the buckled Cu film corresponds to the point of
maximum loading, and FIB cutting leads to an unloaded,
permanently deformed Cu film. In this comparison, the small-
grained Cu films with increased adhesion energies also have a
higher yield stress than the large-grained counterpart. Thus,
the buckling of the small-grained film absorbs a higher
amount of energy than the large-grained Cu film, which is
consistent with the increased adhesion values. While the
model of Hutchinson and Suo is rooted in elastic beam
theory, it could still be employed successfully here because
the experimentally obtained height profiles of the loaded and
unloaded buckles could be correlated very well with the curve
fit suggested by the model. The gained insights of this study
open new routes in the design of multilayered structures in
microelectronics applications: the film microstructure of
nanosized metal films is an important parameter in interface
engineering.

■ APPENDIX A

Determination of the Radius of Curvature
The radius of curvature ρ0 at the onset of buckling can be
computed using beam theory. The displacement of the

Figure 9. Adhesion vs plastic strain in Cu after buckling.

Table 3. Deformation of Cu Film in Loaded (Buckle) and Unloaded (after FIB Cut) Conditions as a Function of the Cu
Film Microstructure Corresponding to the Mixed-Mode Adhesion Value

film type strain loaded εtotal = εMo + εe + p (%) plastic strain after FIB εpl (%) yield stress of Cu film (GPa) adhesion Γ(Ψ) (J/m2)

05 Pa as-deposited 1.30 0.35 1.48 ± 0.08 4.90 ± 0.33
05 Pa annealed 1.22 0.31 1.22 ± 0.06 2.98 ± 0.19
1 Pa as-deposited 1.31 0.33 1.57 ± 0.01 4.43 ± 0.12
1 Pa annealed 1.14 0.25 1.25 ± 0.05 2.35 ± 0.12

Figure A1. Coordinate system of deflection line y(x) describing the
buckled film to determine its radius of curvature at the onset of
buckling. Redrawn with modifications after ref 43.
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buckled film can be described by the y(x)-coordinates, as
shown in Figure A1. The function describing the buckle can
be approximated using a cosine-shaped deflection curve,43 cf.
eq A1.

δ π= − ≤ ≤y x x b x b( ) ( /2)(1 cos(2 /2 )) for 0
(A1)

The radius of curvature ρ0 at the onset of buckling,
according to Figure A1, can then be approximated by eq A2
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Because plastic deformation has a significant contribution
in the delamination process, the validity to apply eq A1 to
plastically buckled specimens was tested by fitting eq A3 to
the experimentally obtained height profiles of the buckles
before and after FIB cutting. The fit parameters, δ and 2b,
correspond to the measured buckle dimensions. Figure A2
visualizes how the fit and the experimentally obtained data
coincide.
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