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1. Introduction

In recent years, nanoscale metal/ceramic multilayers have come
into greater focus as they exhibit promising mechanical, physi-
cal, and chemical properties, useful for a wide range of thermal,
mechanical, and environmental conditions. Main efforts include
manufacturing and characterization[1–6] of such structures as
well as different experimental[4,5,7–15] and modeling[9,13,16–19]

approaches to understand their deformation mechanisms

and optimize mechanical properties.
Enhancement in both, multilayer hardness
and ductility, is achieved compared to rule
of mixture values, depending on the
bilayer thickness, the thickness ratio
between ceramic and metal layers, and
interfacial properties.[9,13] For thin layers
(>10 nm) the metal can undergo elastic–
plastic deformation while the ceramic layer
deforms elastically until it fails due to
cracking;[4] alternatively, highly localized
shear deformation may occur as a result
of localized stresses at the interfa-
ces.[5,9,15,17,19] When the layer thickness
is reduced to a few nanometers, ultra-thin
ceramics can plastically co-deform with
metal layers, as has been demonstrated
for Al/TiN.[4,18] Substantial intrinsic
ductility at small scales has also been
demonstrated for amorphous oxides

(40 nm Al2O3)
[20] provided that the material is dense and free

of geometrical flaws, whereby mechanical characterization
remains experimentally challenging.

Metal/ceramic multilayers are of interest for flexible thin-film
applications, providing a unique combination of high strength,
good conductivity, and potential damage tolerance due to
sublayer fragmentation and crack deflection at interfaces.
Nanolayered composites of Cu and graphene exhibit a 5–6 times
enhanced fatigue resistance compared to the conventional Cu
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A series of Al and Al/Al2O3 thin-film multilayer structures on flexible polymer
substrates are fabricated with a unique deposition chamber combining mag-
netron sputtering (Al) and atomic layer deposition (ALD, Al2O3, nominal thick-
ness 2.4–9.4 nm) without breaking vacuum and thoroughly characterized using
transmission electron microscopy (TEM). The electromechanical behavior of the
multilayers and Al reference films is investigated in tension with in situ X-ray
diffraction (XRD) and four-point probe resistance measurements. All films exhibit
excellent interfacial adhesion, with no delamination in the investigated strain
range (12%). For the first time, an adhesion-promoting naturally forming
amorphous interlayer is confirmed for thin films sputter deposited onto polymers
under laboratory conditions. The evolution of Al film stresses and electrical
resistance reveal changes in the deformation behavior as a function of oxide
thickness. Strengthening of Al is observed with increasing oxide thickness.
Significant embrittlement can be avoided for oxide layer thicknesses ≤2.4 nm.
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thin film in cyclic bending experiments.[21] The use of flexible
polymer substrates additionally holds advantages in terms of
easier sample handling and facilitated the mechanical character-
ization of extremely thin layers.

This work uses a unique deposition approach combining
atomic layer deposition (ALD) and physical vapor deposition
(PVD, magnetron sputtering) to fabricate multilayer films of
crystalline Al and amorphous Al2O3 on flexible polyimide sub-
strates. An advantage of combining the metal layer with its nat-
ural oxide is excellent adhesion between the individual layers,
reducing of the risk of spontaneous delamination, and ensuring
the structural integrity of the multilayer system.[22] Compared to
pulsed gas electron beam deposition,[23] the combined ALD/PVD
approach allows for the deposition of stoichiometric amorphous
oxide layers with sub-nm precision well below the native oxide
thickness of pure Al films (2–10 nm[24]), however, at lower depo-
sition rates. Indeed, in the study by Alpas et al.,[23] Al/Al2O3

multilayers totaling 25 μm thickness employed natural oxidation
resulting in oxide layer thicknesses of about 5 nm and further
control of oxide thickness required co-sputtering from an
Al2O3 target to achieve thicker oxide layers.[25] Amorphous
ALD oxide (Al2O3) layers have the possibility of improved intrin-
sic ductility by optimization of process parameters, while Al is
vital for both fundamental and industrial purposes.

It is known that the deformation behavior of flexible multi-
layer structures is often dominated by the most brittle compo-
nent with a drastic impact on application-relevant mechanical
and functional properties. Cracks in the brittle layers cause stress
concentration and fracture of ductile layers at very low strains
(1–2%).[26–29] Embrittlement depends on the modulation period
λ¼ tbrittleþ tductile and modulation ratio η¼ tbrittle/tductile,

[30]

where t is equal to the film thickness; ductile deformation is
preserved in a small parameter region with η< 0.2. The
outstanding oxide thickness control of ALD, and the ability to
operate ALD/PVD deposition without breaking vacuum opens
up a wide range of novel, otherwise unachievable modulation
and thickness ratios for Al/Al2O3 multilayers. Ultrathin oxide
layers can confine the grain growth of the metallic films, creating
an Al sublayer structure for improved mechanical performance
and damage tolerance without embrittlement.

Damage tolerance and mechanical behavior of flexible thin
films are well reflected in in situ X-ray diffraction (XRD) com-
bined with electrical resistance measurements and post-mortem
fragmentation analysis. Common setups include uni[26,31–33]-
and biaxial tensile loading.[34–37] Film stress evolution parallel
and perpendicular to the tensile direction give information on
the different deformation mechanisms in crystalline layers.
The electrical resistance yields information from the entire
thin film and is extremely sensitive to the formation of
through-thickness cracks or a critical crack density[38] perpendic-
ular to the current direction in brittle and ductile films, respec-
tively. Even information on crack length, width, and spacing can
be extracted from in situ resistance data.[39,40] Additionally, con-
clusions about oxide layer fracture can be drawn via the known
embrittlement effects. It will be demonstrated that the damage
tolerance of Al/Al2O3 multilayers on polymers under uniaxial
tensile loading can be improved significantly as a function of
decreasing oxide layer thickness. We will also contextualize
the beneficial deformation behavior of our metal/oxide films

and the impact of PVD/ALD deposition relative to length-scale
dependent deformation of the more established PVD/PVD
brittle–ductile multilayer systems on flexible polymers. The
ability to engineer metallic thin films with sublayer structures
and grain sizes well below the total film thickness without
embrittlement opens up new possibilities for the design of
damage-tolerant thin films with a unique property profile for
future flexible and rigid thin-film applications.

2. Results

2.1. Structural Characterization

To evaluate the electromechanical fragmentation behavior of
Al-based multilayers as a function of embedded oxide layer thick-
ness, three Al/Al2O3 multilayers were fabricated using combined
PVD/ALD deposition: 50/9.4/50/9.4/50, 50/2.4/50/2.4/50,
50/1cycle/50/1cycle/50 (thickness in nm), along with 50 nm
and 150 nm Al reference films. The multilayer systems are
referred to as 50/9.4, 50/2.4, and 50/1cycle, respectively,
throughout the manuscript. Typically, a single ALD cycle on
metal surfaces does not result in a continuous monolayer with
full surface coverage.[41,42] Therefore, rather than fabricating a
continuous oxide film, the purpose of one single, full ALD cycle
(nominal thickness 0.14 nm Al2O3 based on average growth per
cycle (GPC)) is to interrupt the Al microstructure in a controlled
manner and produce 150 nm Al samples with a 50 nm sublayer
architecture. Overview and high-resolution transmission elec-
tron microscopy (HR-TEM) cross-sections of the fabricated ref-
erence andmultilayer thin films are shown in Figure 1. While the
exemplary micrographs are on Si substrates, similar microstruc-
tures were obtained on polyimide (Figure 2a). The 150 and 50 nm
Al reference films (Figure 1a,b) exhibit a homogeneous film
thickness and columnar grains. The average in-plane grain size
and standard deviation were measured from cross-sectional TEM
images as 97� 31 and 42� 14 nm, for 150 and 50 nm films,
respectively. All Al sublayers in the multilayers (Figure 1c–e) also
exhibit a homogeneous film thickness with columnar grains con-
strained by the intermediate amorphous Al2O3 layers and similar
average in-plane grain sizes determined as 56� 22 nm
(50/1cycle), 54� 20 nm (50/2.4) and 42� 18 nm (50/9.4).
Grain size and oxide layer thickness values are summarized
in the Supporting Information (Figure S1, Supporting
Information). The thicker oxides (Figure 1d,e) are visible as con-
tinuous, homogeneous bands. Noteworthy is that, as evident
from Figure 1c, even a single cycle of ALD is sufficient to inter-
rupt Al grain growth and leads to a re-nucleation of Al
grains, resulting in an Al sublayer architecture. Corresponding
high-resolution TEM images of the Al2O3 layers are shown in
Figure 1f,h. For the thicker oxides, layer thicknesses were mea-
sured from TEM cross-sections as 3.2� 0.2 and 9.3� 0.3 nm.
Based on the reported GPC of Al2O3 (0.14 nm) thicknesses of
2.4 and 9.4 nm are expected for 17 and 67 cycles, respectively.
It is important to consider the limitations of accurate thickness
measurements from cross-sectional imaging at such small scales
which can lead to overestimation, as discussed further in the
discussion. For the single ALD cycle sample, the determination
of oxide thickness from TEM cross-sections is not possible.
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Figure 1. Transmission electron microscopy (TEM) cross-sections of the investigated thin-film systems. a) 150 nm; and b) 50 nm Al reference samples
with columnar grains of the order of the film thickness; c–e) Multilayers exhibiting 50 nm Al sub-layers, whose columnar microstructure is constrained by
intermediate amorphous Al2O3 layers of increasing thickness (nominally 0.14–9.4 nm); f–h) Corresponding high-resolution TEM (HR–TEM) images of
two adjacent Al sublayers separated by amorphous Al2O3. Please note the different magnification in (f ).
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However, the HR-TEM micrograph (Figure 1f ) shows a distinct
but very narrow interface between two adjacent Al sublayers, with
atom rows of adjacent Al layers convening without interruption
at the single-cycle ALD layer.

Figure 2 shows overview and high-resolution TEM cross-sec-
tions of the single-cycle ALD 50/1cycle multilayer stack on poly-
imide. Besides the structure specific to the metal–polymer
interface (Figure 2b), the multilayer structures obtained on
polyimide (Figure 2a) and Si substrates are similar (Figure 1).
At the metal–polymer interface, a homogeneous interlayer (IL)
is observed, which forms between PI and Al during sputter
deposition of the first Al layer. The thickness of this interlayer
was measured from cross-sectional TEM images as 5.2� 0.2 nm.

2.2. Mechanical Characterization

The electromechanical behavior of the different multilayer struc-
tures as a function of oxide layer thickness is summarized in
Figure 3, including a schematic of the experimental setup.
One representative sample is shown for each system together
with a pure 50 and 150 nm Al reference film. From the longitu-
dinal film stress evolution (parallel to straining direction, 111 Al
Bragg peak) mechanical deformation characteristics of Al, equiv-
alent to yield or fracture stresses can be extracted. The measured
signal is an average of the three Al sublayers, since the method is
unable to resolve individual layers of the same material in the
film thickness direction. Due to the amorphous nature and small
thickness of the Al2O3 layers, no XRD signal could be obtained.
Additionally, the normalized resistance R/R0 (initial resistance
R0) is highly sensitive to irregularities in the film and indicates
electrical degradation and failure of the thin films. Upon loading,
R/R0 increases as a result of changing sample dimension accord-
ing to the relation R/R0¼ (L/L0)

2≡ (1þ ε2) (constant volume
approximation, gauge length L, initial length L0).

[43] This theoret-
ical increase is included in Figure 3 as dashed green lines.

Substantial strain-induced structural modifications of the film,
such as necks or through-thickness cracks, yield an increase
and deviation of the resistance ratio from the theoretical curve.
In accordance with the literature, electrical failure is defined as a
10% deviation from the constant volume approximation
(pink dashed line).[44] Any noise in the recorded resistance data
(Figure 3c) is an experimental artifact from stage tilting and not a
characteristic of thin-film deformation.

The 150 nm Al reference sample (Figure 3a, top) exhibits fairly
ductile deformation and resistance behavior in the longitudinal
direction. Upon loading the longitudinal film stress increases lin-
early, until the elastic limit is reached around 1.5% applied
strain. After reaching the maximum stress (�300MPa), the film
stress plateaus at an almost constant value with little stress relax-
ation upon further loading within the applied strain range. In
comparison, perfectly ductile thin films would not experience
any stress relaxation after reaching the maximum stress.[45,46]

During unloading, compressive stresses build up in the thin
film, as a result of purely elastic recovery of the polymer sub-
strate. After an initial stress drop, related to load reversal after
the hold period of 3min, the stress increase is linear, indicating
elastic deformation. Compared to initial elastic loading, the slope
is slightly reduced, indicating the presence of cracks. The nor-
malized resistance R/R0 approximately follows the theoretically
predicted increase (green dashed line, Figure 3a) during loading
up to 6% applied strain. Electrical failure (10% deviation from
theory line), due to a sufficient density of tensile-induced cracks,
is observed around 10% strain. At the maximum applied strain
(12%) a 20% resistance deviation compared to a defect-free ref-
erence is observed. Upon unloading, the resistance ratio recovers
linearly (slope approximately parallel to the theory line), yielding
a final resistance ratio of 1.3. The thinner 50 nm Al reference
sample exhibits a ductile-like electromechanical behavior in
the longitudinal direction (Figure 3b, top). Due to a weaker
XRD signal, there is a bigger scatter in the film stress data,

Figure 2. TEM cross-sections of thin films on polymer substrate. a) Overview and b) HR-TEM analysis of the 50/1cycle multilayer on polyimide.
An amorphous interlayer (IL) formed during sputter deposition of the first Al layer at the interface between polyimide and Al.
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exacerbating an unambiguous interpretation of the film stress
evolution. The maximum stress (�600MPa) is reached at 2%
applied strain, followed by a stress decrease and electrical failure
around 9% applied strain. In the initial loading section, the resis-
tance ratio shows a substantial drop below the theory line, which
is (to a varying extent) present in all investigated samples due to
contacting in the experimental setup and will be discussed sepa-
rately. The unloading segment of the resistance curve was lost
due to experimental challenges.

For the multilayer samples, a gradual strengthening and
embrittlement is observed with increasing oxide layer thickness.
The 50/1cycle Al film, where sublayers are interrupted by 1 Al2O3

ALD cycle (Figure 3c, top) still exhibits ductile-like behavior. The
shape of the stress–strain curve is similar to the 150 nm Al ref-
erence sample. Themaximum stress (�400MPa) is followed by a
stress plateau with a small drop of around 4%. The total amount
of stress decrease within the applied strain range is similar to the
150 nm Al film. Electrical failure is observed around 9% applied
strain and the resistance ratio at maximum strain is identical to
the 150 nm film. Noise in the resistance signal and the sudden
drop of around 11% stem from instrumentation and are no char-
acteristics of film deformation. The unloading behavior is similar
to the reference samples in terms of compressive stress evolution
and resistance recovery. In contrast, the Al film stress evolution

Figure 3. Evolution of Al film stresses parallel (top) and perpendicular (bottom) to the straining direction and relative resistance ratios (blue) as a function of
applied strain. a) 150 nm Al; b) 50 nm Al; c) 50/1cycle; d) 50/2.4; e) 50/9.4. The standard deviation is used to calculate the error bars. The theoretical
resistance increase and 10% deviation thereof are indicated with green and pink dashed lines. Mechanical and electrical failure are indicated with continuous
and dotted vertical red lines, respectively. Please also note the different scale for R/R0 in (d) and (e). Lower right: Schematic of the experimental setup.
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with 2.4 nm oxide layers (Figure 3d, top) exhibits a stress peak
(�500MPa) during loading at 2% strain followed by an imme-
diate stress relaxation and a stress plateau. Stress relaxation is
typically due to cracking, where cracks locally relax the stresses
along their edges, leading to a pronounced decrease in the
average stress measured in the film. A similar stress evolution
is observed with 9.4 nm oxides (Figure 3e, top), whereby the
stress relaxation (peak stress� 550MPa around 2%) is more pro-
nounced (total relaxation to zero film stress), indicating more
extensive through-layer or through-thickness cracking.

The varying extent of embrittlement is also well reflected in
the resistance curves. The 50/1cycle film shows a resistance
behavior comparable to the reference samples (failure strain 9
and 10%). With 2.4 nm oxides, electrical failure around 5.5%
is followed by a moderate resistance increase, where the resis-
tance ratios at the maximum applied strain and after unloading,
(R/R0)max and (R/R0)End, respectively, are 40–50% higher as com-
pared to the ductile samples. With 9.4 nm oxide layers, electrical
failure is shifted down to 3% applied strain and the resistance
increase within the applied strain range is 10 times higher than
the reference samples’ resistance increase. Readers should note
the different scales for the normalized resistance curves in
Figure 3d,e. Rapid resistance increase is related to extensive
through-thickness crack formation severely disrupting the flow
of electric current through the Al layers. A high value of R/R0

after unloading indicates that the generated through-thickness
cracks remain open despite the elastic relaxation of the polymer.

The film stresses in the transverse direction (perpendicular to
the straining direction, Figure 3a–e, bottom) initially increase
like in the parallel direction, due to a slight mismatch of the dif-
ferent Poisson’s ratios of the film and the substrate.[45,47,48] Only
the 150 nm Al film (Figure 3a, bottom) shows ductile behavior
with a film stress evolution similar to the parallel direction
(elastic regime, plateau, compressive during unloading). For
all multilayer films and the 50 nmAl reference, a peak is observed

in transverse film stress. The peak position corresponds well to
cracking in the longitudinal direction, indicating a good correlation
between the two datasets. Similar to the longitudinal case, the
maximum stress value σmax, trans. increases with increasing oxide
thickness. Upon further loading, film stresses in the transverse
direction relax and even become progressively compressive in
the case of thicker oxide layers (Figure 3d,e, bottom). This
build-up of substantial compressive stresses during loading can
result in local delamination (buckling) of the films, if their magni-
tude exceeds the interfacial adhesion energy. Buckling would result
in a relaxation of compressive stresses during loading,[47] which is
not observed within the investigated strain range, attesting good
adhesion to the fabricated multilayers. Instead, the accumulated
compressive stresses only decrease during unloading.

2.3. Post-Mortem SEM Characterization

Post-mortem SEM characterization of the sample surface after
tensile straining is summarized in Figure 4. For the 150 nm Al
reference sample (Figure 4a) an increased surface roughness is
observed as compared to the 50 nm Al film (Figure 4b) and the
multilayer coatings (Figure 4c–e). There is a good correlation
between the combined XRD and resistance data, and the observed
tensile-induced crack formation. Up to an oxide thickness of
2.4 nm (Figure 4c,d) the tensile-induced crack pattern is compa-
rable to the ductile Al reference films. Discontinuous short cracks,
indicated by white arrows, are visible on the surface, particularly at
higher magnifications (insets Figure 4a–d). All insets are the same
size (1.8 μm� 2.2 μm) to facilitate comparison. The crack spacing
(distance between two cracks) of the ductile multilayers (Figure 4c,
d) is similar to the 50 nm Al reference film (Figure 4b, �3 cracks
per inset). As expected, the crack spacing of the thicker 150 nm Al
film (Figure 4a) is slightly larger (2 cracks per inset).

With 9.4 nm oxide thickness, the observed crack pattern
changes significantly, showing continuous, long straight cracks.

Figure 4. Post-mortem scanning electron microscopy (SEM) characterization of the samples after uniaxial loading to 12% strain. Discontinuous, short
cracks are visible for the ductile: a) 150 nm Al and b) 50 nm Al sample, and c,d) up to an oxide thickness of 2.4 nm. e) Long, straight, and open cracks are
visible for multilayers of 50 nm Al and 9.4 nm Al2O3. Cracks are indicated with white arrows. The tensile axis is horizontal, as indicated by the black arrow.
Lower right: Schematic representation of the crack patterns with discontinuous short or long cracks, posing obstacles for the flow of electric current.
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The spacing between these cracks is larger than for the ductile
samples (only 1 crack per insert image, Figure 4e) and was
determined as 3.23� 1.00 μm from SEM images. Even after
unloading and time-dependent relaxation of the polymer sub-
strate, the cracks remain open, corresponding to the high final
resistance ratio (R/R0)End. For the ductile samples, particularly
multilayers, cracks appear more closed with contacting crack
edges. In general, ductile crack patterns are electrically more favor-
able, allowing electrons to pass between discontinuous short
cracks, as indicated schematically in Figure 4 (bottom right).
All samples have been strained to the same maximum strain level
of 12%. In agreement with the perpendicular film stress evolution
(Figure 3), no tensile-induced delamination (buckles) was
observed on either of the film surfaces.

Focused ion beam (FIB) cross-sections (Figure 5) reveal the
film damage in the thickness direction, with a variety of different
crack morphologies. Dashed white circles and arrows indicate
cracks visible in the cross-section. For the reference Al films
(Figure 5a,b), cracks visible on the surface penetrate the entire
film thickness. For the multilayer samples, the Al sublayer struc-
ture can be resolved (Figure 1c–e). Interestingly, not all cracks are
through-thickness, despite a maximum applied strain of 12%.
Rather, some cracks start and are constrained to either the bot-
tom or bottom and top layers, while the middle Al sublayer
remains intact. This is observed even for the long and straight
cracks with 9.4 nm oxide thickness (Figure 1e), of which some
are not extending through the entire sample thickness.

Statistical analysis of cross-sectional crack propagation is difficult
due to exacerbated imaging and low film thickness.

3. Discussion

3.1. Oxide Layer Thickness

Cross-sectional characterization of the multilayers revealed a
small discrepancy between nominal and measured oxide layer
thicknesses at low ALD cycle numbers. The measured thickness
values (3.2� 0.2 and 9.3� 0.3 nm) are slightly higher than cal-
culations would predict (2.4 and 9.4 nm) based on the GPC rate
reported for Al2O3 under similar process conditions (0.14 nm,
ellipsometry measurements[6]). This could indicate the presence
of a native oxide layer on the order of 1 nm prior to the first ALD
cycle, despite the fact that sample transfer was performed
without breaking vacuum. For the self-same ALD/PVD sputter
system and identical growth conditions used in this study, Xie
et al. report linearly increasing thicknesses of Al2O3 layers
(1–10 nm) with increasing ALD cycle numbers, suggesting that
the deposition system can effectively inhibit native oxidation of
aluminum and precisely control the thickness of Al2O3.

[6] The
entire transfer procedure from the PVD to the ALD chamber
via the load-lock is completed within 5min (300 s) and through-
out the process, the sample is continuously in a high vacuum
environment (less than 1� 10�4 Pa) to avoid self-oxidation of
the Al layers.[6] A comparison to literature data allows estimating

Figure 5. Cross-sectional analysis of the crack morphology for the different reference and multilayer systems after unloading. Despite a maximum applied
strain of 12% not all cracks penetrate the entire film thickness, with individual sublayers failing and adjacent ones remaining intact. Cracks visible in the
cross-section are indicated with white arrows and dashed circles.
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the thickness of the natural oxide potentially forming during this
transfer process. Jeurgens et al. report a steady-state oxide
thickness of approximately 0.4 nm after 300 s at 100 °C and with
a partial oxygen pressure of 1.33� 10�4 Pa.[49] The reported con-
ditions are a fairly good representation of the PVD–ALD transfer
process, considering the thermal environment in the ALD cham-
ber (Tmax 120 °C) and assuming that the partial oxygen pressure
equals the total pressure in the chamber (<1� 10�4 Pa, conserva-
tive estimation yielding the upper limit of the real oxygen concen-
tration). It can therefore be concluded that a parasitic natural oxide
layer potentially forming during the transfer would have a maxi-
mum thickness of 0.4 nm or less. Such a parasitic layer would
have a larger percentile influence on total film thickness and
GPC rate at low ALD cycle numbers, thus explaining the increased
GPC at 17 cycles (0.19� 0.02 nm), as compared to 67 cycles
(0.14� 0.003 nm) which is within the error of reported TEM based
GPC rates of Al2O3 (0.14� 0.02 nm[6]). In the sameway, extremely
thin native oxides can go unnoticed when calculating GPC rates
from thick (>100 cycles) ALD layers, unless low cycle numbers are
investigated simultaneously with in situ ellipsometry.[50]

In contrast, the high-resolution TEMmicrograph of the single
Al2O3 ALD cycle (Figure 1f ) attests a distinct but very narrow
interface between two adjacent Al sublayers, with atom rows
of adjacent Al layers convening without interruption at the
single-cycle ALD layer. This further enhances the authors’ confi-
dence that no oxidation occurs during the PVD–ALD transfer
and that the increased oxide thickness at 17 cycles is mainly
due to the thickness measurement method from cross-sectional
TEM lamellae. While it remains the only way of determining the
thickness of the oxides incorporated in multilayers, the method
tends to overestimate the layer thickness, and so the limits of
measuring thickness and calculating GPC rates from TEM
cross-sections need to be discussed. One source of error origi-
nates from the difficulty of clearly defining the boundaries
between amorphous and crystalline layers from the presented
HR-TEMmicrographs (Figure 1), particularly for ultra-thin oxide
layers. More fundamentally, TEM lamellae will only show true
thickness values if the beam direction is perfectly parallel to the
multilayer interfaces. Any tilt due to the 3D shape of the outer
surface of individual Al grains results in an increased apparent
oxide thickness and only the smallest measured values should
therefore be considered closest to the actual thickness. The mag-
nitude of this overestimation is a function of the angle between the
actual and the perfect beam-parallel orientation of the interface.
From the TEM images in Figure 1c–e, the maximum deviation
from the horizontal of the top surface of an Al sublayer was mea-
sured as 30° for both oxide thicknesses. Using this value as a first
approximation, an oxide tilt angle of 30° relative to perfect in-plane
alignment can yield a phantom thickness increase of about 15%.

Regarding the oxide layer in the 50/1cycle sample (Figure 1c,f ),
in situ scanning tunneling spectroscopy experiments probing the
growth mechanisms and physical properties of ALD Al2O3 on Al
substrates after vacuum transfer show that a single cycle does not
result in a continuous monolayer.[41] Depending on the length of
an initial H2O pulse (1–3 s[41]), which supports the creation of an
atomically thin uniform oxide layer, and the deposition tempera-
ture (60–225 °C[42]) the surface coverage after one single ALD cycle
on Al is between 54% and 93%. Since our single-cycle ALD depo-
sition is performed without an initial H2O pulse, we do not expect

our resulting Al2O3 monolayer to be continuous either. Still, the
ALD surface coverage on the Al surface is interrupting the grain
growth for the subsequent sputtering of the Al layers, with no local
differences in sublayer grain size.

3.2. Interface Structure—Adhesion

It is known that the electromechanical behavior of flexible
thin-film systems is influenced by the metal–polymer interface.
During sputter deposition of the first Al layer, a homogeneous
interlayer (thickness� 5 nm) is formed between PI and Al
(Figure 2). Such interlayers have been previously reported in
the literature for evaporated Ti and Al thin films[51–53] on
polyimide and polymer layers spin-coated onto Al,[54] and are
associated with high interfacial quality (good adhesion).
However, the influence of the deposition method on metal–
polymer interface structure is widely unknown. Notably, this is
the first time we can report and confirm the formation of a natural
interlayer for thin films sputter deposited under laboratory condi-
tions. Even though no quantitative adhesion analysis has been per-
formed, the absence of tensile-induced delamination (buckling,[55]

Figure 4), despite the evolution of significant compressive stresses
in the transverse direction[56] (Figure 3d,e), attests high interfacial
quality of all investigated sputter-deposited film systems.

Natural interlayers typically exhibit an amorphous microstruc-
ture after deposition.[51,52] Their formation is attributed to chem-
ical reactions between carbonyl groups (C¼O) of the polymer
substrate and arriving metal atoms.[57] Subsequent thermal treat-
ments can influence the microstructure[51] and thickness[53] of
the interlayer and deteriorate the adhesive properties of the film.
Interlayer crystallization during annealing causes decreased
adhesion values and a change in the crack pattern for Ti on
PI[51]. For evaporated Al on PI small mutations in the interface
chemistry and structure were identified after annealing at 225 °C
for 140 h.[53] Based on the high-resolution TEM imaging
(Figure 2b), the observed crack patterns (Figure 4) and good
interface quality of our multilayers, it can be concluded that
the annealing treatments during ALD deposition (120 °C, max
4 h) did not induce crystallization of the amorphous interlayer.

3.3. Electrical Behavior—Resistance Evolution during Straining

3.3.1. Resistance of Unstrained Films

The initial resistance values, R0, of the unstrained films are listed
in Table 1. For the reference Al films, we observe an expected
increase in R0 for decreasing film thickness between 50 nm
and 150 nm Al. The initial resistance of the multilayers
(�1.5Ω) is closer to the 150 nm Al (1.3Ω) reference sample.
This is reasonable, as the sampled length and width remained
constant for each sample and only the film thickness changed
in the nm regime through the addition of the oxide layers.
Introducing the Al2O3 oxide layers seems to not significantly
deteriorate the electrical properties of the films. However, the in
situ 4PP resistance setup incorporated into the tensile grips is an
imperfect way of measuring absolute electrical resistance values
of multilayers, as the multilayer architecture is likely to be dam-
aged in the course of clamping the sample firmly to avoid
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slipping, thereby enabling all Al layers to conduct. For example,
we expect the 9.4 nm thick oxide layers to be above the electron
tunneling length and therefore to be nonconductive, even with
the present H doping content.[58] Hence, we would expect there
to be a poorer conductivity for the 50/9.4 sample than the 50/1
cycle or 150 counterparts.

3.3.2. Resistance Decrease

Upon initial loading, all samples experience a resistance drop,
causing the R/R0 curves to fall below the theoretical resistance
increase (constant volume approximation,[43] green line,
Figure 3a–e, top). This drop is present in all cases. For
better comparison, the initial loading section of all samples is
shown in Figure 6. Sharp peaks in the signal stem from instru-
mentation (stage rotation for sin2ψ measurements) and are not

representative of thin-film behavior. Compared to stress meas-
urements (central area, diameter 300 μm), the resistance signal
is sampling a larger area (�5� 20mm) and is therefore affected
more by overall sample quality across the whole tensile specimen
(surface scratches on the polymer surface prior to deposition,
damage/scratches during sample handling). Despite the result-
ing scatter of individual resistance curves of the same thin-film
material,[59] the resistance drop of Al upon initial straining is
reproducible on various samples and test setups.

Depending on the thin-film architecture, the resistance drop,
occurring within the first 0.5% of applied strain, is more or less
pronounced. The largest decrease is observed for the 50/9.4 mul-
tilayer sample, while the 150 nm Al reference (highest surface
roughness, Figure 4a) shows almost no decrease in resistance.
For fatigue experiments a decrease in electrical resistance of
Cu thin films (initially bimodal grain size: 1.5 μm and ultra-fine
grained (UFG) <300 nm; 50% surface fraction each) during the
first 1000–2000 cycles has been correlated to strain-induced grain
coarsening at the expense of the UFG grain fraction,[60] which is
not conceivable for monotonic loading. Studies by Haque and
coworkers report the role of mechanical strain on the electrical
conductivity of aluminum thin films (125 nm), with an average
grain size (50 nm; comparable to our films) three times larger
than the mean free path of electrons in the material.[61,62]

Their results show that electrical conductivity is strongly affected
by mechanical strain at length scales where dislocation-based
deformation mechanisms cease to exist. Contrary to our
findings, these studies report an increase in the electrical
resistivity (�26–32%) as a function of applied tensile strain
(strain range 0–0.25%,[61] 0–0.8%[62]).

Using a specific repetitive loading protocol, detailed in the
(Section S2, Supporting Information), the origin of the resistance
drop during monotonic straining has been investigated
thoroughly. It can be concluded that it is a consequence of
the way our samples are gripped during straining, such that grad-
ual removal/breaking of a native surface oxide layer under the
tensile grips yields better electrical contact. This is in line with
reported resistance curves of Al-bilayers on polyimide using a
similar clamping system.[63] Importantly, the magnitude of the
resistance drop is found to be proportional to the initial gauge
length (Figure S2, Supporting Information), which is constant
(L0¼ 23.1� 0.1 mm) for the samples shown in Figure 6.
Therefore, the gripping effect cannot fully explain the role of
sublayer architecture observed in this study, which points toward
the layer structure and interfaces between individual Al sublayers
as additional influencing factors, since the native oxide layer is
identical for the investigated systems, except 150 nm Al consid-
ering surface roughness.

3.3.3. Electrical Failure and Resistance at Maximum Applied
Strain

Despite a similar crack pattern, the sample with 1 ALD cycle
exhibits better electrical behavior compared to 2.4 nm oxide
layers. Fundamentally, this difference must be due to a lower
number of partial or full, tensile-induced cracks, which is
suggested by the FIB cross-sections (Figure 5c,d), but not easily
quantifiable in a statistically meaningful way. The recorded

Figure 6. Resistance ratio R/R0 as a function of applied strain and multi-
layer architecture. Up to 0.5% strain, resistance recovery is observed,
which is more pronounced for thinner films and multilayers.
Pronounced resistance peaks (black arrows) are artifacts from stage tilting.

Table 1. Electromechanical properties as a function of thin film
architecture. For the multilayer films, the reported maximum stress and
initial resistance values are averaged over multiple samples. Where the
deviation between individual tests is higher than the error of a single
measurement, the standard deviation of those measured values is
reported. N is the number of repeats of a given thin-film architecture.

Reference Al films Al/Al2O3 multilayers

Al/Al2O3 [nm] 50 150 50/1 cycle 50/2.4 50/9.4

σmax [MPa] �560� 56 305� 10 360� 47 504� 15 516� 40

ε @ σmax [%] 2 1.5 1.5 2 2

εRes–10% [%] 8.9 10.9� 0.85 8.15� 1.5 5.47� 0.40 2.90� 0.28

R/R0 max 1.56 1.41� 0.04 1.53� 0.13 2.17� 0.13 13.0� 0.7

R0 [Ohm] 4.95� 0.003a) 1.3� 0.06 1.59� 0.01 1.51� 0.08 1.48� 0.06

σmax, trans [MPa] 358� 44 239� 6 114� 41 110� 19 137� 42

N 1 2 2 3 2

a)measurement accuracy according to the datasheet (Keithley 2000 6.5 Digit
Multimeter).
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resistance is a good alternative way to characterize the crack pat-
tern, more easily accessible than a statistically meaningful crack
count.[39] To better quantify the difference in the electrical
behavior between 2.4 nm and 1 ALD cycle oxide layers, the
two electrically characteristic values of 10% deviation from R0

and R/R0 at the maximum applied strain (12%) (Table 1) have
been analyzed. Indeed, the statistical significance of the
R/R0 max of 50/2.4 being different from that of 50/1cycle was
verified (p¼ 0.012) using a two-tail t test with equal variances
based on a p< 0.05 criterion. In contrast, for 150 nm Al film
versus 50/1cycle, no statistically significant difference could be
confirmed (p¼ 0.313)—requiring an unequal variances test
due to the low spread of the 150 nm data. Similarly, 50/2.4
was significantly different from 150 nm Al (p¼ 0.011). The
9.4 nm oxide layer sample was significantly different from all
other samples (p¼ 0.027, 0.028, and 0.030 for 150 nm Al,
50/1 cycle, and 50/2.4 respectively). For the 10% resistance
increase failure criterion, a statistically significant difference
can only be ascertained between 50/2.4 and 50/9.4 (p¼ 0.013)
and 150 nm Al and 50/9.4 (p¼ 0.05), due to the relatively high
standard deviation of the 50/1 cycle sample.

Further correlation of the crack pattern to the resistance
increase using, for instance, the model proposed in ref. [39] is
not possible, since it assumes that all cracks are through-
thickness such that no current can flow through a crack.
While this is true for the reference samples, the multilayers also
exhibit isolated sublayer fracture of the bottom or bottom and top
layer, even up to a total applied strain of 12%. Hwang et al.[21]

showed similar sublayer cracking and crack deflection in Cu/gra-
phene (Gr) multilayers after cyclic bending. Bending fatigue
cracks are expected to start in the topmost layer, subjected to
the largest tensile bending strain, and deflected at the Cu/Gr
interface due to the high strength and modulus of the graphene;
the maximum crack size being limited to the repeat layer spacing
of Cu is further hindering crack propagation. In our case of
monotonic tensile testing of Al/Al2O3 multilayer, the crack initi-
ation sites cannot be identified unambiguously, yet the middle
layer appears to be most crack resistant, even with 9.4 nm oxide
layers. Since our oxide layers are expected to remain electrically
conductive up to 2–3 nm,[64,65] electrons are able to bypass
cracked Al sublayers making the 50/1cycle and 5/2.4 multilayers
particularly promising examples of electrically robust materials
for flexible electronics applications.

3.4. Electromechanical Behavior

The electrical, mechanical, and post-mortem SEM analysis cor-
relates well in terms of thin-film deformation mechanisms.
Important electrical and mechanical parameters are summarized
in Table 1 as a function of multilayer architecture. Conceptually,
the 50/1 cycle sample with discontinuous Al2O3 layers is located
between the reference Al films and the Al/Al2O3 multilayers. To
understand the electromechanical behavior as a function of layer
architecture, it is interesting to focus first on the behavior of the
pure Al films (50, 150, 50/1 cycle) in the tensile direction.
Compared to the stress plateau of perfectly ductile thin films
(Cu[45]) all reference Al films show a slight stress decrease during
loading after reaching the elastic limit. As expected, we observed

an increase in initial resistance R0, an increase in maximum
stress[26,45], and a reduction of electrical failure strain[66–68] for
decreasing film thickness and grain size between 150 nm and
50 nm Al. The maximum film stress of the 50/1 cycle Al sample,
with 50 nm Al sublayers separated by 1 ALD cycle (0.14 nm
Al2O3) is lower compared with the 50 nm film and slightly higher
compared with 150 nm Al. The strengthening trend visible in
Figure 3 becomes slightly reduced when taking the average of
multiple measurements.

To analyze the strengthening behavior, we can consider the
different percentages and types of interfaces and free surfaces
for the three different cases. Although a good approximation
for grain geometry would be hexagonal prisms, we model the
Al grains here as cubes for simplicity, without loss of interpret-
ability. With this, we can distinguish between Al–Al grain bound-
aries, the metal–polymer interface, and natural or artificial oxide
interfaces, as schematically shown in Figure 7.

For a cubic Al grain in the 50 and 150 nm Al film 1/6 of the
total grain boundaries are with the polymer interlayer, and 1/6
are native oxide interfaces (surface). Both of these types are inter-
faces with an amorphous phase. Al–Al grain boundaries consti-
tute the remaining 2/3 (1/3 lateral and 1/3 in loading direction).
In the rest of the following discussion, the 150 nm Al film is not
considered to avoid straightforward grain-size-based strength
arguments. In multilayers, the total number of Al–Al grain
boundaries is systematically increased. For 50/1 cycle, we are
assuming that all additional boundaries are Al–Al, despite having
1 cycle ALD, which is enough to interrupt the Al grain growth.
Therefore, this type is not a simple Al–Al grain boundary, though
is categorized here as such. Following this assumption, in the
50/1 cycle architecture, only 1/18 of grain boundaries are with
the amorphous polymer interlayer, and similarly 1/18 with the
native oxide. Furthermore, the proportion of Al–Al grain
boundaries along the loading direction remain constant.

Figure 7. Schematic representation of grain boundary types presents in
the thin films, assuming cubic Al grains. The three different types
include Al–Al grain boundaries, the metal–polymer interface, and natural
or artificial oxide interfaces.
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The percentages of boundary types as a function of film architec-
ture, assuming cubic grains and noting the layer thickness and
in-plane grain width given in Section 2.1, are summarized in
Table 2.

Since the 50 nm Al film is stronger compared to the 50/1 cycle
counterpart, we can conclude that the free surface is an ineffi-
cient location for dislocation nucleation, or a poor sink. This
phenomenon is well known in the literature from works on
0D nanoparticle and core–shell structures (Au on Ag), where
the addition of a shell results in softening as nucleation sources
at the Ag grain surface is stimulated by the Au layer.[69] In our
case, we are simply covering the free surface with the self-same
material rather than a second phase. In contrast, works from
Gruber et al. on ultra-thin Cu films with and without passivation
layers show how a Ta capping layer can strengthen the Cu.[45]

One should note that Ta is considerably stronger than Cu, unlike
Al on Al here.

The observed strength difference between 50 nm Al (stronger)
and 50/1 cycle Al (weaker) also importantly indicates that the
polymer interface is not the weakest link in nucleating disloca-
tions: the presence of Al–Al grain boundaries has a greater
softening effect than the Al–PI interface.

Introducing oxide layers has a significant impact on electro-
mechanical behavior. For both Al/Al2O3 multilayers, 27.8% of
the interfaces are oxides. With increasing oxide layer thickness
from 2.4 to 9.4 nm, a clear strengthening of the Al sublayers is
observed as the measured maximum film stress, σmax, increases
and shifts to slightly higher applied strains. This gain in strength
comes however at the cost of ductility upon further loading. With
the thickest oxide layers, a clear transition in the thin-film failure
mechanism is observed. This is consistently reflected in the
parallel and perpendicular film stress evolution (pronounced
stress peaks), the recorded resistance signal (steep increase
and shift of the electrical failure to lower applied strains), and
the morphology of the crack pattern developing on the surface
(long straight cracks). Early fragmentation of ductile films in
multilayers with pronounced through-thickness cracking, simi-
lar to the 50/9.4 film, has been observed with other in situ
XRD experiments,[26,27,46,70] the reason for embrittlement being
stress concentration at fracture sites of brittle layers.[26,27]

Therefore, cracking of the Al layers in the 50/9.4 sample can
likely be ascribed to fracture of the 9.4 nm oxide layers happening
concurrently or before the Al fracture is observed at around 2%
applied strain.

When the oxide layer thickness is reduced to 2.4 nm, the film
stress peak and particularly stress relaxation, leveling around
200MPa rather than zero film stress, are less pronounced.
The crack pattern developing on the surface is similar to the
Al reference films in terms of crack morphology and spacing

(Figure 4a–d), indicating that the deformation of the Al sublayers
with 2.4 nm oxides is still dominated by the Al layers themselves.
Two scenarios are plausible to explain why no embrittlement is
observed in this case: either: 1) fracture of the thinner oxides hap-
pens at much higher applied strains as compared to deformation
of the Al sublayers due to structural perfection and low defect
density or 2) fracture occurs but the stress concentration at
the fracture sites is not high enough to cause fragmentation
of adjacent Al sub-layers. From the experimental data, it cannot
be determined with certainty which one is the case, as the
deformation of the oxide layers cannot be traced directly with
the presented XRD and post-mortem SEM approach.

The literature shows that ultrathin amorphous Al2O3 layers
can be extremely strong and ductile, providing a perfect structure
and the absence of geometrical defects. Oxide layer thickness is
often identified as the limiting factor for structural perfection and
ductility. In micro-pillar compression experiments of similar
Al/Al2O3 structures, where the oxide layers are loaded in biaxial
tension by the expanding Al layers, cracking of the oxide layers
has been observed at thicknesses above or equal to 5 nm,[7] which
is in line with the differences observed between 2.4 and 9.4 nm
in the current study. Frankberg et al. showed how 40 nm thick,
amorphous, pulsed laser deposited (PLD) Al2O3 can deform up
to 15% strain in tension without fracture at room temperature
and high strain rate by a viscous creep mechanism.[20] PLD
results in an extremely low hydrogen content in the film, which
could be one reason for the observed difference in performance,
as we can clearly link the failure of the 50/9.4 film to the fracture
of the 9.4 nm oxide layers. Our ALD deposition at 120 °C yields
an H content of 10%.[71] While deposition at higher temperatures
is known to reduce the H content of the ALD film,[71] this is not a
practical solution for a multilayer containing Al due to grain
growth during deposition and deterioration of the polymer sub-
strate. As a future alternative, plasma-enhanced ALD is known to
result in low H contents[71] even for deposition at RT.
Furthermore, the position of the oxides within our multilayers
could reduce their fracture resistance. In this regard, Cordill
et al. recently showed that the layer order and position of the brit-
tle component in a multilayer strongly influence its fracture
behavior, highlighting the beneficial role of close proximity to
the polymer substrate.[34] The fact that our oxide films are not
directly interfacing with the polymer substrate could contribute
to their potential mechanical weakening.

Regarding the unloading behavior, very little recovery of the
electrical resistance is observed in all cases. The recovery is linear
and parallel to the constant volume approximation. Missing resis-
tance recovery can be ascribed to the oxidation of crack edges, with
the native oxide being non-conductive. Additionally for the multi-
layers, crack closure on sublayers can be prohibited by adjacent
intact ones, as FIB/SEM analysis after unloading shows that sub-
layer cracks are open, whereby preferential FIB induced damage at
pre-existing cross-sectional defects needs to be considered.
Certainly for the thickest oxide case cracks are visibly open in
top view, even though they do not continuously penetrate all Al
sublayers after straining to 12%. This yields a particularly high
final resistance ratio ((R/R0)End¼ 12.5 with (R/R0)max¼ 13.5) in
comparison to noble metal thin films (50 nm Au embrittled with
10 nm Cr, (R/R0)End¼ 5, despite (R/R0)max¼ 20).[28,72]

Table 2. Percentage of boundary types for the different 50 nm based
reference and multilayer films assuming cubic Al grains.

Architecture Natural (or artificial) oxide
interface [%]

Polymer
interlayer [%]

Al–Al grain
boundary [%]

50 16.7 (0) 16.7 66.7

50/1cycle 5.6 (0) 5.6 88.9

50/2.4 and 50/9.4 5.6 (22.2) 5.6 66.7
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The improved electromechanical damage tolerance of multi-
layers with thinner oxide layers within the applied strain range
is indisputable. For this discussion, the 150 nm Al film can serve
as a perfect example of ductile electromechanical behavior paral-
lel and perpendicular to the straining direction. While the film
stress data of the thinner Al film is less interpretable due to the
weaker XRD signal, the fact that stress peaks are observed in both
directions amplifies the credibility of the measurements. For
ductile thin films, this embrittlement as a function of decreasing
film thickness is well understood.[66] Both the film stress and
resistance evolutions of the 50/1 cycle film indicate that a single
ALD cycle did not cause significant embrittlement, even com-
pared to the 150 nm Al film in the longitudinal direction.
Even without significant strengthening effects at this point,
sub-layering can be beneficial for through-thickness damage tol-
erance or functional properties. Only with 9.4 nm thick oxide
layers is significant embrittlement observed. The trend in our
data fits into the bigger picture of length-scale-dependent defor-
mation of brittle/ductile multilayers and substantially extends the
range of multilayer thickness modulation ratios accessed thus
far. In Figure 8, our multilayer film systems have been added
(symbol size corresponding to achieved maximum strength) into
a map of possible layer thickness combinations (modulation
period λ¼ tbrittleþ tductile and modulation ratio η¼ tbrittle/tduc-
tile,

[30] t is equal to the film thickness), also including the existing
literature data. In the previously studied regime (dark blue
region), preservation of ductile deformation was reported by
Wu et al.[30] in a small parameter region with η< 0.2 and
λ¼ 40� 20 nm (yellow region), whereby the brittle-to-ductile

transition is characterized by a fracture toughness criterion, as
further detailed in ref. [30]. For clarity, data points of the original
graph have been removed, showing only the outline of the ductile
fracture regime. By including ALD combined with PVD without
breaking the vacuum, the whole region highlighted in dashed
green is now accessible. Importantly, this allows us to now access
the area directly below the previously identified beneficial ductile
regime (exemplarily outlined with yellow lines in Figure 8) for
the first time and our films showcase its large potential for ductile
multilayers. The dashed borders to the physically inaccessible
region in red and the previously accessible via PVD region in
light blue are drawn based on the following assumptions: a min-
imum PVD thickness of 3 nm for continuous films and 0.2 nm
as the conservative lower thickness limit of an ALD layer, con-
sidering the approximate thickness of metal or binary compound
monolayers.[73] The overlap between our PVD/ALD area (green)
and the previously reported PVD results (dark blue) is a result of
our assumption of the minimum achievable PVD thickness as
3 nm, while the study in ref. [30] reports a minimum PVD layer
thickness of 1 nm; this is heavily dependent on the deposited ele-
ment and sputter conditions.[74,75]

4. Conclusion

Uniaxial tensile straining with in situ XRD film stress measure-
ment parallel and perpendicular to the tensile direction, as well
as four-point probe resistance measurements was performed on
unique Al/Al2O3 multilayers (magnetron sputtering/ALD) and
Al reference films on flexible polyimide substrates. Ultrathin
Al2O3 layers are used to interrupt the out-of-plane grain growth
of Al, generating Al-sublayer structures with a grain size well
below the total film thickness. HR-TEM analyses show that a sin-
gle ALD cycle (nominally 0.14 nm Al2O3) is enough to interrupt
and restart Al grain growth, yielding distinct but very narrow
interfaces to adjacent Al sublayers. In terms of electrical perfor-
mance under load, no statistically significant difference or dete-
rioration of electrical failure criteria was found for multilayers
with 1 ALD cycle as compared to a pure 150 nm Al reference
film. Additionally, an amorphous interlayer (thickness�5 nm)
between Al and the polymer substrate has been shown for the
first time for laboratory magnetron sputter deposition. This spe-
cific interface structure is related to the good adhesion and elec-
tromechanical behavior. While buckling is not the only criteria
for interface quality, the absence of delamination within the
investigated strain regime, despite the evolution of significant
compressive stresses in the transverse direction in some cases,
definitely confirms the good adhesion of our films. Through opti-
mization of the oxide layer thickness, multilayers with improved
strength and high lateral and through-thickness damage tolerance
can be designed. XRD film stress, electrical resistance, and post-
mortem FIB/SEM data are in good agreement regarding the defor-
mation of Al sublayers as a function of Al2O3 layer thickness.
Strengthening of Al sublayers is observed with increasing oxide
thickness. Formultilayers with 9.4 nmAl2O3 layers (67 ALD cycles)
embrittlement and imposed fracture of Al sublayers occurs around
2% applied strain, resulting in stress relaxation and the evolution of
long straight cracks. With 2.4 nm oxides (17 ALD cycles) the
multilayers show improved damage tolerance, where the crack

Figure 8. Length-scale dependent deformation of brittle–ductile multilayer
thin films. Different colored regions correspond to previously accessible
through physical vapor deposition (PVD, light blue), previously reported
PVD (light blue and yellow), newly accessible through atomic layer depo-
sition (ALD)/PVD (hashed green), and physically inaccessible region
(hashed red). Dashed lines are drawn based on a conservative estimate
for achievable individual layer thicknesses of 3 nm/0.2 nm for PVD/ALD,
respectively, while the previously investigated area reports a minimum
PVD layer thickness of 1 nm. Our data points have been added with sym-
bol diameter according to the measured film strength. Data in the dotted
rectangle has been taken from Ref. [30].
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morphology and spacing are similar to the ductile reference Al
films, constituting the best compromise for strength and ductility
within the investigated oxide thickness regime. Quite possibly
there is room for further optimization of oxide layer thickness
within the range of 0.14–2.4 nm, to achieve the maximum in terms
of Al strength and ductility. Importantly, all multilayers exhibit a
certain degree of sublayer fracture, with adjacent Al layers remain-
ing intact even after straining to 12%, while all cracks in the refer-
ence Al films are through-thickness. In summary, the combined
ALD/PVD approach offers great potential to study length-scale
dependent multilayer deformation mechanisms over the large
thickness andmodulation ratios and, in particular, uniquely access
and extend areas close to previously identified regions of beneficial
ductile deformation in search of damage-tolerant thin-film materi-
als. Similarly, microstructural engineering of thin films with
unique mechanical and functional properties resulting from sub-
layer architectures in the nm range can be achieved for innovative
flexible and rigid thin-film applications.

5. Experimental Section

Synthesis of ALD/PVD Multilayers and Reference Thin Films: Multilayers
of Al (50 nm) and Al2O3 (0.14–9.4 nm) were deposited onto 50 μm thick
polyimide (PI, Upilex-S) and Si substrates through alternating cycles of mag-
netron sputtering (PVD) and ALD without breaking vacuum. The combined
ALD/PVD deposition chamber is described in detail in ref. [6]. Polymer sub-
strates were pre-cut into an array of tensile stripes (6mm� 40mm). Prior
to deposition the substrates were ultrasonically cleaned and kept at elevated
temperatures (�8 h, 100 °C, UHV) during the pre-heating of the ALD pro-
cess. Likewise, substrates for reference films of pure Al without ALD were
also pre-heated. This heating facilitated the columnar growth of Al grains. Al
was magnetron sputtered from two targets (purity 99.9%) equidistant from
the substrate table without substrate rotation. Sputter parameters include a
current of 150mA, a base pressure of 7� 10�7 mbar, a working pressure of
5� 10�3 mbar (Ar), and a combined deposition rate of 0.05 nm s�1 from
two targets. ALD of Al2O3 was performed at 120 °C with a precursor
sequence of pulse-exposure-purge at 0.5–1–100 s for trimethylaluminium
(TMA) and 0.5–1–150 s for H2O. Precursors were kept at room tempera-
ture, with Ar used as the carrier and purging gas. The deposition conditions
resulted in amorphous and stoichiometric Al2O3 with a growth per cycle of
approximately 0.14 nm/cycle as reported in ref. [6]. The following nominal
oxide thicknesses were achieved by adjusting the number of ALD cycles: 67
cycles – 9.4 nm, 17 cycles – 2.4 nm, 1 full cycle – 0.14 nm. Three Al/Al2O3

multilayers were fabricated: 50/9.4/50/9.4/50, 50/2.4/50/2.4/50, 50/1cycle/
50/1cycle/50 (thickness in nm), referred to as 50/9.4, 50/2.4 and 50/1cycle,
respectively, throughout the manuscript, along with 50 nm and 150 nm Al
reference films. FIB (FEI Helios NanoLabDualbeam, USA) prepared lift outs
were investigated with TEM (Jeol JEM 2200 fs, Japan). Thicknesses and
microstructure of individual PVD layers were confirmed via bright field scan-
ning cross-sectional imaging (BF-STEM). For ALD layers, high resolution
cross-sectional imaging (HR-TEM) was performed.

In situ Electro-Mechanical Characterization: XRD (synchrotron radiation,
KMC-2 beamline,[76] BESSY II, Berlin) and sin2ψ analysis[77] were used to
measure longitudinal and transversal (parallel and perpendicular to the
tensile direction, respectively) Al lattice strains in situ during continuous uni-
axial straining of the film–polymer couple (Anton Paar TS600, maximum
strain ϵmax¼ 12%, 3min hold period at ϵmax, gauge length¼ 22.9� 0.2
mm, displacement rate¼ 0.1mmmin�1, strain rate 8� 10�5/s).
Resistance probes were incorporated into the grips of the straining stage
in a similar manner as presented in ref. [43]. A total of two samples were
tested for each multilayer and reference geometry. The 111 Bragg peak of Al
was recorded in reflection geometry with a Bruker VÅNTEC 2000 area detec-
tor with an exposure time of 9 s, a X-ray wavelength of 0.154 nm, and a beam
diameter of 300 μm. Before and after each tensile test residual lattice strains

were measured with high resolution at 11 different ψ angles. In situ meas-
urements were performed at 5 different ψ angles. The ψ range for both
cases was between 0 and 45 degrees. A Pearson fit was applied to determine
peak positions and peak widths. Film stresses were calculated using X-ray
elastic constants (XECs) (1/2 S2¼ 1.8436) for 111 Al reflections.[77] XECs
were calculated from single-crystal elastic constants assuming the Hill
model with the software ElastiX.[78] No XRD signal was obtained for the
amorphous oxide layers. All samples were examined post-mortem with
SEM (Hitachi S-4800, Japan). Cross-sectional FIB cuts (Zeiss Auriga
FIB-SEM, milling current 100 pA, SEM voltage 7 kV) were used to identify
the through-thickness crack propagation.
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