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Flexible electronics are attractive for a range of applications, such as wearable gadgets and personalized
medicine, because of their flexibility, stretchability, and adaptability. However, the reliability of such
devices, both mechanical and electrical, is a bottleneck for their widespread application across different
use-case scenarios. Here, we report the reliability of nickel-niobium oxide (crystalline—amorphous)
sandwich nanolayers on a Pl substrate (Ni-Nb,Os—Pl) compared to pure nickel (Ni) nanolayers on a Pl
substrate (Ni—Pl) as a potential candidate for electrodes or interconnects for flexible electronic or energy
devices. A tailored rate-dependent bending failure/fracture test system was used to analyze the electrical
resistance (oscillations) as a function of the loading cycles of the sample deposited on polyimide (PI) (the
compliant substrate). Resistance oscillation amplitude during the rate-dependent bending failure/fracture
test for Ni—PIl (~6%) was higher compared to that of Ni-Nb,Os—PI (~2%), suggesting a low resistance
change and consequently low mechanical deformation for Ni-Nb,Os—PIl. Nanoindentation experiments
were also performed to ascertain the hardness and reduced elastic modulus of the samples. Hardness of
Ni—PI (~1.4 GPa) was lower compared to that of Ni-Nb,Os-Pl (~2.4 GPa) suggesting high flow strength
for Ni-Nb,Os—PI. Therefore, the incorporation of amorphous niobium oxide into samples otherwise
composed of Ni nanolayers significantly improved their fatigue/fracture strength with a slight reduction
in electrical conductivity with appreciably low resistance oscillation (amplitude) essential for operational
reliability of flexible devices. We also demonstrated that the nickel-niobium oxide/polyimide stack was
electrically/mechanically stable up to 500 K stress cycles at a bending radius of 8.5 mm.
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Flexible electronics have been explored for human-machine inter-
face applications ranging from flexible displays to compliant
wearable devices, personalized medicine, and health monitoring
sensors.'~ Flexibility of electronic devices is achieved through the
use of compliant substrates and by the introduction of flexible
conductors or electrodes. Three approaches are generally used to
achieve flexible electronics using compliant substrates: (1) thin
metal films, (2) silicon/thin glass, and (3) polymer substrates
or paper cellulose substrates.® Although thin metal substrates
offer considerable mechanical strength, corrosion resistance, and
high temperature tolerance,’ they suffer from limited bendability
and overall achievable thickness.® Silicon/glass substrates offer
high temperature resistance.” Thin glass substrates also offer high
light transmittance. However, thin silicon/glass substrates have
poor bendability and machinability. Therefore, there has been an
increased emphasis on polymers as substrates to achieve flex-
ibility in electronic devices due to their compliance and pliability.®
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The polymers commonly used as substrates are polycarbonate (PC),
polyvinyl fluoride (PVDF),'® poly(etheretherketone) (PEEK),"* poly-
ethylene terephthalate (PET),"* poly(dimethylsiloxane) (PDMS),"* and
chemically and thermally stable polyimide (PI)'*'* as well as natural
polymers.'® Although the maximum operating temperature of poly-
mer substrates is lower than that of metal, silicon or glass substrates,
they could still provide the compliance and versatility required for
flexible electronics."

Approaches to achieving electrode flexibility in electronic
devices include the use of corrugated/serpentine metal structures
on polymer substrates.'” Although these devices offer some
degree of flexibility, they are still not scalable because appropriate
manufacturing processes must be developed for their mass
production. Other approaches include the fabrication of metal-
alloys,'® liquid metals," ionic conductors,* crystalline-amor-
phous nanolaminates,® > metal-metal laminates**** and
metal-ceramic laminates,**>® Typically, it should be noted that
nanolaminates/nanolayers with an inherently high interfacial
area/volume ratio and a controllable layer thickness exhibit
improved resistance to crack initiation/propagation and thus
achieve high fatigue/fracture resistance compared to that of
their bulk metallic counterparts.”® Specifically, the fatigue/
fracture resistance of the metal-metal nanolaminate/nanolayers
is enhanced with the reduction of the layer thickness; never-
theless, they lack ductility, which is one of the prerequisites for
achieving flexible electronics. One possible method to improve
ductility of the nanolaminates/nanolayers is the introduction of
an amorphous phase into the otherwise crystalline structure.
Amorphous metals deform through the shear transformation
zones (STZs) (which propagate and join to form a shear band),
whereas crystalline materials deform through the propagation/
pile-up of dislocations; nevertheless, synergistic interactions
between crystalline and amorphous phases (mainly at the inter-
face) have the capability of achieving strong and ductile nano-
laminates/nanolayers> >* Molecular dynamics (MD) simulation
studies have been previously performed to elaborate on the role of
amorphous layers in crystalline-amorphous nanolaminates/nano-
layers. The results indicate that both crack nucleation and propa-
gation were hindered due to the presence of amorphous
layers, leading to enhanced ductility and fracture toughness.*
Similarly, Cheng et al*' through MD simulations also observed
interfacial sliding at the crystalline-amorphous interface, which
was attributed to a shear-transformation-zone (STZ) plasticity
accommodated by dislocation nucleation and proliferation at
the interface.

The DC magnetron sputtering is used for the fabrication of
multi-/single-layer thin films in the present work, discussed in
subsequent sections. DC magnetron sputtering is a versatile
production methodology used to deposit precise, uniform, and
compositionally controlled single- or multilayer thin films of
various materials onto a variety of substrates.>>* It involves
the use of a direct current (DC) power supply to generate
plasma and sputter materials from single or multiple targets
onto a substrate. DC magnetron sputtering allows for precise
control over deposition parameters such as sputtering power,
inlet gas composition, substrate temperature, deposition rate,
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target composition, pressure, and target-substrate distance,
thereby allowing for the precise control of the morphology as
well as the stoichiometry of the deposited materials.***® In the
case of multilayer thin films, DC magnetron sputtering allows
for excellent control over the interfacial properties. The tech-
nique is widely utilized in industries such as electronic, photo-
catalytic, sensor, and solar cell to create functional coatings and
nano-/microlayers with specific properties.®”

In this work, nickel (Ni)-niobium oxide (Nb,Os) nanolayers
deposited on a PI substrate are used as the configuration for
the electrodes or interconnects of flexible devices. The authors
believe that designed crystalline-amorphous nickel (Ni)-nio-
bium oxide (Nb,Os) nanolayers on PI materials also have the
potential to play a role in the green economy by being used in
energy-efficient technologies such as solar cells, LED lights,
and batteries as conductive stretchable electrodes, making
them more suitable for flexible applications. Nickel (Ni) thin
films fabricated through DC magnetron sputtering are being
widely used in various electronic and magnetic applications
due to their excellent electrical conductivity and magnetic
properties. Typically, the resistivity of nickel thin films fabricated
through DC magnetron sputtering depends on films’ micro-
structure and impurities which are in turn related to films’
composition, deposition parameters, and post-deposition treat-
ments. Typical reported resistivity values for nickel thin films
deposited by DC magnetron sputtering range from ~10 to
~100 pQ cm.*® Typically, I-V characterization of nickel thin
films deposited by DC magnetron sputtering exhibits a linear
behaviour (ohmic behaviour). However, deviations from the
ohmic behaviour could occur at high voltages due to non-
linear effects or the presence of Schottky barriers at the film-film
or film-substrate interface. Similarly, the resistivity of niobium
oxide thin films fabricated through DC magnetron sputtering
depends on factors such as the film composition, deposition
parameters, and post-deposition treatments.*® Reported electrical
resistivity values for Nb,Os thin films deposited by DC magnetron
sputtering range from a few to hundred Q cm,’>*" depending
on the deposition parameters and resultant film properties. The
electrical resistivity of niobium oxide thin films fabricated
through DC reactive magnetron sputtering decreases with the
increase of inlet oxygen (O,) pressure due to the increase in the
Nb,Oj5 stoichiometry.**> The nickel and niobium oxide alternating
multilayer system helped us to achieve alternating crystalline and
amorphous structures on the PI substrate, which are studied in
detail in the following sections.

PI was selected as the flexible substrate due to its excep-
tional ductility and flexibility, while the electrode consists of 10
alternating layers of ~20 nm nickel (Ni) and ~20 nm niobium
oxide (Nb,Os). The control reference sample used is a 400 nm
Ni nanolayer. Although copper (conductivity = 5.9 x 10’ S m™') is
widely used in nanolaminates/nanolayers due to its excellent
conductivity, other materials such as nickel (1.4 x 10’ S m ),
niobium and aluminum are also used along with copper as
components of sandwiched nanolayers.**** Here, a novel Ni-
Nb,Os nanolayer structure is designed and fabricated to test its
reliability as an electrode on a flexible substrate for a flexible device.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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It is hypothesized that the crystalline layers in the Ni-Nb,Os;
nanolayers can provide high strength and stiffness, while the
amorphous layers can enhance the film’s toughness and ductility.
Additionally, the interface between the crystalline and amorphous
layers acts as an effective barrier to crack propagation. These
properties can lead to improved cyclic fatigue properties of
Ni-Nb,Os-PI compared to single-phase Ni-PI. A tailored rate-
dependent bending failure/fracture test system is used to investi-
gate the electrical performance of the device under repeated cyclic
loading. Nanoindentation experiments were also performed to
ascertain hardness and reduced elastic modulus of the samples.

Materials and methods
Device fabrication

Nanometric layers of Ni and Nb,Os were deposited on PI
(0.2 mm) using a direct current (DC) sputtering system. The Ni
layers are deposited by DC sputtering at a power of 100 W in
ambient argon (Ar) at a pressure of 4.7 mTorr at room temperature
using a 99.99% pure Ni target. The Nb,Os layers are also deposited

e

View Article Online

Paper

by DC sputtering at a power of 100 W in ambient argon at a pressure
of 4.7 mTorr at room temperature. The 99.99% pure Nb target used
has undergone surface oxidation before sputtering and therefore has
led to the formation of Nb,Os nanolayers as further verified using
transmission electron microscopy (TEM) and simultaneous energy
dispersive X-ray (EDX) analysis discussed in the subsequent sections.
Initially, the sputtering chamber is evacuated to a base pressure of
2 x 10°° torr before introducing 99.99% pure noble argon. DC
sputtering steps were repeated to form multiple alternating layers of
Ni and Nb,Os leading to metal-metal oxide sandwich nanolayers.
For the Ni-Nb,O5 nanolayers, 10 layers (thickness = ~20 nm) of Ni
and Nb,O; were deposited alternately on the PI (see Fig. S6 in the
ESIt). The final thickness was the same for the Ni-Nb,Os5 nanolayers
as for the control Ni nanolayer and was ~400 nm. For both samples,
the nanolayer(s) (both Ni and Nb,O;) were sputtered onto a
~0.2 mm thick PI substrate using the same vacuum cycle.

Test methodology

A customized rate-dependent bending failure/fracture test
system®® (EVOtest from Laryee Technology Company) was used
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Fig. 1 The configuration of the customized rate-dependent bending failure/fracture test, (a) picture of the experimental setup. The upper plate is
stationary, while the lower plate is movable. The lower plate moved cyclically parallel to the upper plate. The motion of the lower plate was sinusoidal
with a frequency of 5 Hz and an amplitude of 14 mm, (b) schematic of the configuration of the sample shows the substrate (Pl) on the inside (compressive
state) and the nanolayer(s) on the outside (tensile state). The cracks occur perpendicular to the applied stress, i.e., to the bending direction, in the major
damage zone. Representative schematics of cracks are shown for Ni—-Nb,Os—PI (crack with diversion at the interface) and nickel/Pl (cracks
predominately perpendicular to the bending direction), which are discussed in detail in the subsequent paragraphs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for the bending failure/fracture tests of the specimens (see
Fig. 1 for the configuration of the test). The tests were conducted
in accordance with GB/T 228.1-2010 to measure the change in
resistance of the specimens in bending mode under cyclic
loading. The specimen was mounted between two plates with
a fixed gap (2r ~17 mm). The upper plate was stationary, while
the lower plate was movable. The lower plate moved cyclically
parallel to the upper plate. The motion of the lower plate was
sinusoidal, with a frequency of 5 Hz and an amplitude of 14 mm.
The length and width of the Ni-Nb,O; nanolayers and Ni
nanolayers deposited on PI were 70 mm and 5 mm, respectively.
A 0.2 mm thick PI was used as the standard substrate for all the
samples studied. Samples with an overall thickness of the
nanolayer(s) of ~400 nm deposited on a PI substrate were tested
(see the ESL Fig. S1). The resistance during the rate-dependent
bending failure/fracture tests was measured using a DC low
Ohmmeter (Donghui TH2512+). At least 5 samples for both
Ni-Nb,Os-PI and Ni-PI were tested using the rate-dependent
bending failure/fracture test.

Nanoindentation

Nanoindentation was performed using a TI 950 Tribo-Indenter
(Hysitron) with a Berkovich indenter to ascertain the hardness
and reduced elastic modulus of the samples. The loading rate
was 5 nm s, while the unloading rate was 10 nm s~ . The peak
displacement ranged from 100 nm to 400 nm and the data were
recorded with a displacement resolution of ~10 nm. Mechanical
properties such as hardness and reduced Young’s modulus
produced by nanoindentation helped in the subsequent analysis
of the rate-dependent bending failure/fracture tests.

Characterization

The surface morphology and the cross-sectional profiles of the
specimens were recorded using a field emission scanning
electron microscope (FE-SEM) (JEOL JSM-7600F). SEM is used
to observe surface cracks that developed or propagated during
the rate-dependent bending failure/fracture tests. TEM (JEOL
2100F with integrated Oxford EDX) at 200 kV in STEM mode
was used to study the crack propagation in the samples. Firstly,
a focused ion beam (FIB, FEI Nova NanoLab 600i DualBeam)
was employed for the preparation of lamellas perpendicular to
surface cracks (see ESL 1 Fig. S2). Later, both of these lamella
samples were mounted on a Cu grid, and were then used to
analyse the propagation of cracks along the thickness of the
samples by TEM. EDX combined with TEM was also used for
determining the composition (in at%) of the components of the
layers in the nanolayers.

Results
Metal-metal oxide nanolayers

Typically, monolithic metal layers were deposited on polymer
substrates to achieve flexibility (while maintaining electrical con-
ductivity) such as bismuth telluride on polyimide.*® Nevertheless,
bimetallic nanolayers with higher interfacial density offer better
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resistance to crack initiation and growth®”>° compared to mono-
lithic metallic layers. However, crystalline/crystalline bimetallic
nanolayers lack ductility, which could be improved by the intro-
duction of amorphous layers in the otherwise crystalline/crystal-
line nanolayers. Here, the transition metals, crystalline Ni
(~10 ‘to ~100 pQ cm’®) and amorphous Nb,O; (~few to
hundreds ©Q ecm*®*"), were selected to fabricate crystalline-amor-
phous nanolayers. It is worth mentioning that the electrical
conductivities of Ni and Nb,Os; mentioned are bulk values. In
the case of Nb,Os nanolayers, it should be noted that the decrease
in the oxygen flow rate during the fabrication of their thin oxide
film through reactive magnetron sputtering induces oxygen
vacancies, which therefore increases the conductivity of the
film.>* In the present study, it is believed that Nb,O5 was realized
due to surface oxidation of the Nb target before sputtering, which
was performed in an inert environment. In this scenario, where
the oxygen supply is limited, there are high chances for the
presence of oxygen vacancies, therefore, resulting in a much
higher conductivity of the Nb,O5 nanolayers compared to its bulk
value. In other words, our Nb,Os layers are highly oxygen-
deficient, which helps in maintaining high conductivity for Ni-
Nb,Os nanolayers. Furthermore, in the case of the crystalline-
amorphous sandwich nanolayers, the interfaces could absorb
dislocations (emanating from the crystalline layer) or block shear
band propagation (emanating from the amorphous layer)**”
thereby hindering the initiation/propagation of cracks under
continuous cyclic loading. Therefore, the crystalline-amorphous
interfaces in the Ni-Nb,Os nanolayers provide higher fracture/
failure resistance compared to the pure Ni nanolayer.

EDX combined with TEM was used to determine the com-
position of the crystalline and amorphous layers of the nano-
layered structure (see the ESIL Fig. S3-S5). The EDX along the
cross-section, along the amorphous as well as along the crystal-
line layers of the Ni-Nb,Os/PI are shown in Fig. S3-S5, respec-
tively, in the ESI.¥ Theoretically, the atomic percentages (at%)
of niobium and oxygen in Nb,Os are 28.57 (2/7 x 100) and
71.42% (5/7 x 100), respectively, which are found to be close to
those measured through the EDX data (see Fig. S3 and S5),
~27% for niobium and ~70% for oxygen. The presence of
Nb,Os that is amorphous is further confirmed by TEM (dis-
cussed in detail in the analysis regarding TEM).

Nanoindentation analysis

Since the total thickness of Ni-Nb,Os nanolayers and Ni
nanolayer is ~400 nm, the upper indentation limit is set at
400 nm. It was experimentally observed that the indenter is
less sensitive to displacements of less than 100 nm. Therefore,
the indentation depth was configured to range between
100 nm and 400 nm. Subsequently, measurements were per-
formed employing a Berkovich indenter with a tip radius of
~100 nm using a continuous stiffness measurement method at
standard temperature and pressure (STP). We attained load vs.
displacement curves and then used them to calculate the
reduced Young’s modulus (E,) and hardness (H) of the samples.
The mechanical properties are measured by indenting the
samples at different spatial locations along the length of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
whereas the error bars are SD(E,+) of the Ni-Nb,Os—PI and Ni-PlI).

sample to verify the repeatability of the results. Samples from
different batches are also measured and the resultant behaviour
of the samples is shown in Fig. 2. Fig. 2(a and b) show the
hardness and reduced Young’s modulus curves of the Ni-Nb,Os—
PI and Ni-PI samples, respectively. In Fig. 2(a), both the samples
exhibited similar trends, i.e., a decrease in hardness with indenta-
tion depth. Similar trends of hardness and Young’s modulus (E,)
with indentation depth were observed for metallic nanolayers
deposited on either a stiff or compliant substrate.>*>® The hard-
ness of the Ni-Nb,Os-PI is higher than that of the Ni-PI, which
can be attributed to the insertion of Nb,O; into the multilayer
structure. For the Berkovich indenter, hardness (H) is correlated
with the flow stress, oy, obtained from tensile testing at a strain of
~ 8% as H = kog, where k is Tabor’s constraint factor for metallic
materials, k ~ 2.7.%” Therefore, an increase in H signifies a growth
in the flow stress/strength of Ni-Nb,Os-PI compared to Ni-PIL
Apart from the increase in flow stress, the crystalline-amorphous
nanolayers also achieve higher plasticity due to interfacial shear
occurring at the crystalline-amorphous interface.>**' Reduced
Young’s modulus (E;) was observed to be slightly higher for Ni-
PI in comparison to Ni-Nb,Os-PI due to the insertion of Nb,Os
(a modulus of elasticity of ~137-161 GPa’**) into Ni (with a
modulus of elasticity of ~207 Pa) (see Table 1).

Rate-dependent bending failure/fracture test

The variation in electrical resistance of the Ni-Nb,O; nano-
layers and Ni nanolayers deposited on PI under bending strain

Table 1 Comparison of the properties of Ni-Nb,Os—Pl and Ni—PI

(
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(a and b) show the comparison of hardness and reduced Young's modulus curves (the curves represent the mean values of the parameters,

was measured using the rate-dependent bending failure/
fracture tests. At least 5 samples for both Ni-Nb,Os-PI and
Ni-PI were tested. The final resistance for Ni-PI was in the
range of ~0.027-0.033 KQ whereas the initial resistance was in
the range of ~0.016-0.019 KQ based on the samples tested for
0.5 million cycles. Similarly, the final resistance for Ni-Nb,O5-
PI was in the range of ~0.110-0.210 kQ whereas the initial
resistance was in the range of ~0.05-0.09 KQ based on the
samples tested for 0.5 million cycles. The bending strain
employed to the samples is inversely proportional to the bending
radius (estimated from ¢/(2r), where ¢ is the overall thickness of
the stack and r is the bending radius (see Fig. 1)). The bending
strain on the samples was ~1.16% for ¢ ~0.2 mm and 2r
~17 mm. Fig. 3 reveals percentage variations of the resistance
normalized by the initial resistance of the samples (AR/R%)
under a bending strain of ~1.16%.

AR/R% increased for both Ni-Nb,O5-PI, and Ni-PI, exhibiting
significant growth in the early stages (the first ~5.0 x 10* cycles)
(see Fig. 3(a and b)). The most significant difference between Ni-
Nb,Os-PI and Ni-PI was the initial resistance change/oscillation
experienced by the Ni-PI sample. It should be noted that up to
~2.0 x 10° cycles, the Ni-PI sample exhibited considerable
resistance oscillations indicating the formation of more micro-
cracks and extrusions for Ni-PI compared to Ni-Nb,Os-PI (see
Fig. 3). Fig. 3(c and d) show resistance oscillation peaks and the
corresponding Gaussian fits used to measure full width at half
maximum (FWHM) values and amplitudes for Ni-PI for initial

AR/R% after

Surface crack Crack dimensions

Hardness Resistivity 0.5 million  Young’s modulus density (mean+SD, min.,
Samples Structure  (GPa) (Q cm) cycles (%)  (GPa) per 10 um>  max. um) per 10 um?
Ni-Nb,Os-PI Crystalline- ~2.4 Nickel (~10 to ~115 Nickel (207)-niobium 34 1.20 £ 0.69; 0.30,
amorphous ~100 x 10~ ®)-niobium oxide (~137-161) and 3.37
oxide (few to hundreds)
Ni-PI Crystalline ~1.4 ~10to ~100 x 10°° ~94 207 111 0.76 £+ 0.61; 0.22, and 3.88
FCC

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and b) AR/R% of Ni-Nb,Os-Pl and Ni—PI as a function of loading cycles: (a) 5.0 x 104 and (b) 5.0 x 105 cycles. The resistances were

normalized by the initial resistances of the samples, (c and d) representative resistance peaks and corresponding Gaussian fits to measure FWHM and
amplitude for Ni—PlI for initial and final resistance oscillations (shown by the rectangular boxes in (a)), respectively, and (e and f) similarly, representative
resistance peaks and corresponding Gaussian fits to measure FWHM and amplitude for Ni-Nb,Os—PI for initial and final resistance oscillations (shown by

the rectangular boxes in (a)), respectively.

and final resistance oscillations, respectively, and Fig. 3(e and f)
similarly show resistance oscillation peaks and the corresponding
Gaussian fits for Ni-Nb,Os-PI for initial and final resistance
oscillations, respectively. The amplitude of the resistance oscilla-
tions can be used to study the mechanical deformation of the
samples. The resistance oscillation peaks in Fig. 3(c-f) show no
major variation in the amplitude over cycles for the samples,
although the amplitude for Ni-PI was higher than that for
Ni-Nb,Os-PI with negligible low resistance (LR) drift. The LR drift
typically determines the mechanical stability of a sample against
externally applied stress. Although the LR drift is negligible, the
high resistance oscillation amplitude for Ni-PI (~6%) compared to
Ni-Nb,Os-PI (~2%) suggests a high resistance change and conse-
quently higher mechanical deformation. Therefore, negligible LR
drift with low resistance oscillation amplitude suggests that the

3262 | Mater. Adv, 2023, 4, 3257-3269

incorporation of Nb,Os nanolayers into the Ni nanolayers strongly
improved their electromechanical robustness.

Furthermore, the FWHM for a resistance peak can be a
measure of applied strain and the electronic structure of the sample
over time. The decrease in FWHM (sharpening of the resistance
peak waveform) is an indication of an increase in the rate of
resistance (with respect to cycles) signalling an increase in the
applied strain in the sample. The AR/R% vs. cycle curves for both
samples feature highly non-repeatable resistance oscillation peaks
as compared to distinctive and repeatable resistance peaks for pure
metals with growing cycle numbers. This can be attributed to two-
and three phase systems for Ni-PI and Ni-Nb,Os-PI, respectively,
compared to a single-phase system for pure metals (see Fig. 3 and
Fig. S7, S8 in the ESIt). FWHM for a representative resistance
oscillation peak (see Fig. 3(c-f)) is ~9.89 cycles for both the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM micrographs of the samples after rate-dependent bending failure/fracture tests for (a and c) Ni-Nb,Os—PI. The surface cracks were
discontinuous in nature with the no apparent presence of extrusions and (b and d) Ni—PI. Figures show the creation of surface extrusions, and then crack
initiation along the extrusions. Cracks are predominantly perpendicular to the applied stress, i.e., to the bending direction especially for Ni—P| obtained in
the major damage zone, also shown schematically in Fig. 1(b). These images were used for the calculation of surface crack density per 10 pm? and crack

dimensions (see Fig. S9, in ESIT).

samples, which were found to be unchanged from the early
resistance oscillation peaks to the final resistance oscillation peaks,
which shows that applied strain more or less remains constant
over time.

Here, the electrical reliability of the samples is directly
associated with the nucleation/propagation of cracks caused
by the local stress concentration during the bending failure/
fracture tests. In the case of Ni-Nb,Os-PI, the insertion of
Nb,O; results in high plasticity at the crystalline-amorphous
interface due to interfacial sliding, which restricts the accumu-
lation of the dislocations and formation of shear bands and
thereby retarding the formation of catastrophic cracks com-
pared to the crystalline Ni-PI sample. The interfacial sliding is
certainly higher for crystalline-amorphous interfaces com-
pared to crystalline-crystalline interfaces, thereby increasing
the overall plasticity of the nanolayers, which avoids or restricts
the motion of dislocations and flow of shear bands at the
interface and thereby formation of catastrophic cracks, which
was not observed in the case of Ni nanolayer confirmed by the

© 2023 The Author(s). Published by the Royal Society of Chemistry

occurrence of numerous micro-cracks and extrusions especially
till 2.0 x 10° cycles.*"*° The AR/R% was higher for Ni-Nb,Os-PI
(~115%) in comparison to Ni-PI (~94%) after half a million
cycles. The low conductivity of Nb,Os (~ few to hundred Q cm***)
in Ni-Nb,Os-PI contributes to the higher AR/R%. Furthermore,
the reduction of the weight fraction of conductive Ni in Ni-
Nb,O5s-PI compared to Ni-PI is also attributed to its slightly
higher AR/R% compared to Ni-Nb,O5-PI. The crystalline-amor-
phous interface in Ni-Nb,Os-PI not only hinders the movement
of dislocations or flow of shear bands but also hinders the
flow of electrons (through its scattering at the interfaces). The
blunting of cracks at the crystalline-amorphous interface could
result in the deposition of dislocations at the interfaces during
the rate-dependent bending failure/fracture tests, which will
further exaggerate scattering of the electrons at the interface.
On the other hand, high resistance oscillation amplitude
signifies higher crack density in the case of Ni-PI, also visible
in Fig. 4 and Fig. S9 in ESI,{ therefore the electrical resistance
of metallic Ni-PI can be considered to be roughly independent

Mater. Adv., 2023, 4, 3257-3269 | 3263
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of the applied stress/stain during the rate-dependent bending
failure/fracture test because the single 400 nm Ni layer on PI
(without any interface) provides several available electrical
paths for the flow of current. Also, cracks that are not through
the thickness, most likely include metallic connecting liga-
ments electrically linking the crack faces depicted by low
AR/R% for Ni-PI in comparison to Ni-Nb,Os-PI. Therefore,
slightly higher AR/R% for Ni-Nb,Os-PI in comparison to Ni-PI
is to be attributed to the predominately conductive behaviour of
Ni on the PI substrate, crystalline-amorphous interfaces, and
inherent low conductivity of Nb,Os and low weight fraction of Ni.

For a flexible device, the number of repeated bending cycles
it can sustain before losing conductivity determines its operat-
ing life. Therefore, the aim of performing the rate-dependent
bending failure/fracture test was to investigate how well the
samples age over time i.e., how well the samples maintain their
reliability over time. During the rate-dependent bending

View Article Online

Materials Advances

failure/fracture test, small imperfections or defects can initiate
a crack. These imperfections/defects could be pre-existing or
generated under the action of external stress. Later, crack
growth could occur under the continued loading of the material
during the test, which can be the main contributor to the
failure of the material. As can be seen in Fig. 3, apart from
the initial resistance oscillations and some intermittent resis-
tance oscillations, the trend of AR/R% plateaus becomes more
or less constant over time, especially for Ni-Nb,Os-PI, which
signifies that the Ni-Nb,Os-PI ages well compared to Ni-PI over
0.5 million cycles. We believe that the highly compliant poly-
imide substrate and the insertion of Nb,O5 into the Ni nano-
layers improve the reliability of the sample and this effect has
been commonly observed for metal/metal nanolayers deposited
on polymer substrates.*® It is worth noting that while the initial
resistance and AR/R% are slightly higher for Ni-Nb,Os-PI
than for Ni-PI due to the crystalline-amorphous interface,

Fig. 5 TEM cross-sectional micrographs of (a and b) Ni-Nb,Os—PI and (c and d) Ni—-Pl. For Ni—Pl, it is easier for the crack to nucleate and propagate
through the thickness compared to Ni—Nb,Os—PI, where interface obstructs the flow of dislocations thereby avoiding catastrophic failure.

3264 | Mater. Adv., 2023, 4, 3257-3269
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Fig. 6 TEM cross-sectional micrographs with increasing magnification from (a—c) of Ni—Pl showing the creation of cracks along the grain boundary

originating from the substrate (PI).

conductive behavior of 400 nm Ni on the PI substrate and
inherent low conductivity of Nb,Os as well as the low weight
fraction of Ni, nevertheless, the crystalline-amorphous Ni-
Nb,O5-PI nanolayers improve the operational reliability of the
flexible device by having low resistance oscillations (amplitude)
compared to Ni nanolayers, which is essential for robust
electrical performance of the flexible devices.

Discussion

We investigated the Ni-Nb,Os-PI and Ni-PI samples via scanning
electron microscopy (SEM) after the rate-dependent bending fail-
ure/fracture tests (see Fig. 3). Also, the cross-sectional SEM images
of the samples (see ESIf Fig. S6) confirmed the presence of
columnar grains in both samples. For Ni-Nb,Os-PI, the average

e g Crl‘éfk diversion
. +**  atinterface due
& ¥ .tointerfacial

sliding

movement of
dislocation

vy

interfacial slidi

flow of* 3
shear band &

. &

%

length of the grains along the horizontal direction is roughly
identical to the thickness of the nanolayer (~20 nm) (equiaxed).
The cracks generated in the nanolayers are regarded as the
leading cause of conductivity loss. The cracks occur in the upper
damage area (see Fig. 1), which is shown in Fig. 4 for both
samples. Typically, in the literature, as the layer thickness and
the grain size reduce to ~1-~ 3 pm, extrusions become rarer, and
for further smaller layer thicknesses and grain sizes amongst
~1 pm to 100 nm, discrete dislocations are only noted and
extrusions are practically repressed and exchanged by cracks
laterally along the grain boundaries at the submicron scale®"*
(also seen in the cross-sectional TEM micrographs discussed
later). In the present experiments, the total nanolayer thickness
is ~400 nm with ~20 nm layer thickness for Ni-Nb,Os-PI. In the
present case, the formation of extrusions is reduced but not

(b)

strong shear

localization due tm
alignment of slip ‘
plane with shear

band across interface 3’

movement of &
dislocation

flo@ o \
shear band

Fig. 7 TEM cross-sectional micrographs of Ni-Nb,Os—PI showing (a) the motion of cracks and its diversions at the crystalline—amorphous interface due
to interfacial sliding and (b) strong shear localization across the crystalline and amorphous layers due to alignment of slip plane in the crystalline layer with

the shear band in the amorphous layer.
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absent, as seen in Fig. 4(d) for Ni-PL. In the case of face-centered-
cubic (FCC) Ni, the initiation/propagation of cracks are related to
cyclic strain localization leading to the creation of surface extru-
sions and then crack initiation along the extrusions causing a
gradual decrease in fatigue/fracture strength of the sample (Ni-
PI).%> On the other hand, for Ni-Nb,Os-PI, crystalline-amorphous
interfaces and their related interfacial plasticity restrict the move-
ment of dislocations or flow of shear bands and therefore cracks,
leading to cracks that tend to be disconnected in nature, thus
providing improved fatigue/fracture strength with possibly appre-
ciable ductility (discussed in detail in the subsequent paragraphs
related to the TEM analysis).

The surface crack density per 10 um? for Ni-Nb,Os-PI and
Ni-PI was ~34 and ~ 111, respectively. The crack dimensions
are 1.20 £ 0.69 pm (min ~0.30 pm and max ~3.37 pm)
and 0.76 £ 0.61 pym (min ~0.22 um and max ~3.88 pum) for
Ni-Nb,Os-PI and Ni-PI, respectively (see Fig. S9 in the ESIT and
Table 1). The large surface crack density of Ni-PI is considered
responsible for the severe oscillation of its AR/R% (see Fig. 3).

(a) Extrusions, crack initiation, propagation

§
¥
3

(c) Cracks propagate along the grain boundary (d) Strong shear localization

View Article Online
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In the case of Ni-PI, the crack propagation is relatively
perpendicular to the direction of the applied stress, i.e., the
bending direction, during rate-dependent bending failure/
fracture tests. Nevertheless, the mean surface crack length is
higher for Ni-Nb,Os-PI (1.20 pm) compared to Ni-PI (0.76 pm).
Therefore, in order to supplement the surface crack analysis,
cross-sectional TEM analyses of the samples were performed
after the rate-dependent bending failure/fracture test.

TEM analysis is performed to analyze the fracture behavior
of the nanolayers after rate-dependent bending failure/fracture
tests as shown in Fig. 5 to 8. In the Ni-Nb,Os-PI sample, due to
the high interfacial area/volume ratio, the interfaces play a vital
role in defining its final properties. In the case of crystalline-
amorphous nanolayers, the interfaces could absorb disloca-
tions or block dislocations/shear band propagation. In addi-
tion, interfacial sliding may occur, which could improve the
mechanical properties (strength and ductility) of the nanolayers
and provide hindrance to the flow of cracks.’>>® TEM cross-
sectional analysis of the sample after rate-dependent bending

(b) Disconnected cracks

Fig. 8 Schematic of the top view and cross-section of the sample after rate-dependent bending failure/fracture tests for (a and c) Ni—Pl and (b and d)
Ni—Nb,Os—PI. Crystalline—amorphous interface in Ni-Nb,Os—PI impedes the movement of dislocations or flow of shear bands as can be seen by
disconnected cracks in the top view (b) and diversion of the cracks at the interface in the cross-sectional view (d), whereas in the crystalline Ni—PI, the
cracks nucleate and propagate through the thickness as documented by extrusions and micro-cracks in the top view (a) and cracks through the thickness

causing catastrophic failure in the cross-sectional view (c).
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failure/fracture tests shows no interfacial delamination at the
crystalline-amorphous interfaces. Furthermore, no thickness
variation of the layers in Ni-Nb,Os-PI was observed after the
tests. The TEM micrographs also confirm the expected thickness
of 400 nm single layer Ni on PI and formation of 400 nm
sandwich Ni-Nb,Os-PI (20 nm nickel (10 layers) and ~20 nm
niobium oxide (10 layers)) (see Fig. S6, ESIT). As expected, it is
clear from the TEM micrographs (Fig. 5), that it is easier for the
crack to nucleate and propagate vertically through the crystalline
Ni-PI compared to Ni-Nb,O5-PI as there is no obstruction to the
flow of dislocations (2 cracks through the thickness of the Ni-PI
sample, typically along the grain boundary, see Fig. 5(c)). On the
other hand, for Ni-Nb,Os-PI, the crystalline-amorphous inter-
face obstructs the movement of dislocations or flow of shear
bands and therefore, no catastrophic cracks were visible in
Fig. 5(a and b).

Deng et al.®® through MD simulations, noted that the atomic
structure of the crystalline-amorphous interface is mainly the
result of inter-diffusion across the interface, which revealed no
strong reliance on the crystallographic orientation of the crys-
talline nanolayer, unlike free surfaces and grain boundaries in
predominantly crystalline materials. Nevertheless, the yielding/
plasticity of crystalline-amorphous nanolayers depend on the
actuated slip systems in the crystalline layer. For instance, once
a certain slip plane in the crystalline nanolayer is aligned with a
shear band in the amorphous nanolayer, robust shear localiza-
tion through the crystalline-amorphous interface can be gen-
erated, as can be seen in Fig. 7(b). Moreover, at a few locations,
the crack propagation is not parallel to the grain boundary as is
the case for Ni-PI (see Fig. 5(c and d)); in Fig. 7(a), crack
appears to have changed direction at the interface. This phe-
nomenon is attributed to the crystalline-amorphous interface
where shear bands are formed in the amorphous layer, accom-
panied by plastic deformation (flow of the dislocation) in the
crystalline layer and their alignment is restricted due to inter-
facial sliding. The crystalline-amorphous interfaces mitigate
the occurrence of catastrophic cracks, which was a common
occurrence for nickel/PI (see Fig. 5(c and d) and 6).

Conclusions

Novel Ni-Nb,Os-PI sandwich crystalline-amorphous layers
were fabricated and their electro-mechanical reliability as a
flexible substrate (with electrode) for flexible electronic devices
was investigated through a series of carefully executed nano-
scale characterization tools and techniques. Our analysis
clearly shows that the Nb,Os layers in the Ni-Nb,Os-PI nano-
layers create a crystalline-amorphous interface that impedes
the movement of dislocations or flow of shear bands, thereby
preventing the initiation/propagation of cracks and increasing
the overall fracture/failure strength of the device (see Fig. 8). A
tailored rate-dependent bending failure/fracture test system is
used to study the electrical performance of the samples under
repeated cyclic loading. The Ni-Nb,Os-PI sample has a slightly
higher AR/R% than Ni-PI due to the high density of crystalline—

© 2023 The Author(s). Published by the Royal Society of Chemistry
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amorphous interfaces and the inherently low conductivity of
Nb,Os and reduced weight fraction of Ni compared to Ni-PIL.
Furthermore, the electrical resistance of metallic Ni-PI can be
considered to be roughly independent of the applied stress/
stain during rate-dependent bending failure/fracture test
because the single 400 nm Ni layer on PI (without any interface)
provides several available electrical paths for the flow of current.
Nevertheless, Ni-Nb,Os-PI samples displayed appreciably low
resistance oscillations compared to Ni-PI, which is essential for
operational reliability and robustness of the flexible device. These
results suggest that a compromise amongst the electrical and
mechanical properties of nanolayer-based flexible devices could
certainly be achieved by careful tailoring of the nanolayer stack
thickness, interface plasticity, conductivity, and microstructure.
The layer thickness/composition (here, 20 nanometers, amor-
phous layers) of the inserted material in the otherwise crystal-
line nanolayers could be optimized according to the application
of the flexible devices, which will be the focus of our future
work. This inserted material layer thickness/composition, if
carefully selected, would ensure appreciable fracture/failure
resistance (with or without ductility), while minimizing the
degradation/oscillation of electrical conductivity.
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