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Enthalpy-Driven Self-Healing in Thin Metallic Films on

Flexible Substrates

Claus Othmar Wolfgang Trost,* Alice Lassnig, Patrice Kreiml, Tanja Jorg,
Velislava L. Terziyska, Christian. Mitterer, and Megan Jo Cordill*

Self-healing microelectronics are needed for costly applications with limited or
without access. They are needed in fields such as space exploration to
increase lifetime and decrease both costs and the environmental impact.
While advanced self-healing mechanisms for polymers are numerous,
practical ways for self-healing in metal films have yet to be found. A concept
for an autonomous intrinsic self-healing metallic film system is developed,
allowing the healing of cracks in metallic films on flexible substrates. The
concept relies on stabilizing metastable thin films with high mixing enthalpy
via segregation barriers. This allows the films to possess autonomous intrinsic
self-healing capabilities triggered by cracking at temperatures not detrimental
to flexible microelectronics. The effect will be shown on metastable Mo, ,Ag,
thin films, stabilized via a Mo segregation barrier. Without a segregation

1. Introduction

Organic materials, such as tissue or bones,
are capable of healing. In contrast, engi-
neering materials usually lack the property
to detect and repair failures, such as cracks.
Therefore, engineering safety factors are
still needed in the design stage to prevent
fatal failure. Additionally, not alternatively,
to the damage prevention principle, the
damage management principle!’) can be
used. Damage management has been used
for centuries. Seymour et al.l2l showed
that Roman engineers used concrete that
possessed self-healing capabilities to build

barrier, the system is known to exhibit spontaneous Ag particle formation on
the surface. This property is controlled and directed to heal cracks and
partially restore the electro-mechanical properties of the multilayer system.
This mechanism opens up the field of self-healing thin metallic films that
could profoundly impact the design of future microelectronics.
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architecture and infrastructure, which still
exists. Damage management is especially
crucial for applications with limited access
for maintenance or repair, ranging from
medical applications,®]  construction,*]
aerospace,>%l  autonomous  robotics,!”!
automotive and energy technology.®!
Different methods of  self-healing
approaches, especially in polymer science, have been
proposed.*?] However, finding practical ways for metals to
self-heal that exceed microstructurally small fatigue cracks,!’!
especially in thin films, is still a relatively new field of research.
In the last decades, there has been a shift to flexible, stretch-
able, and bendable microelectronic devices. Wearable applica-
tions, sensors, or synthetic skin consist of multiple layers of thin
films that must be designed to allow bending and stretching
while conducting electricity. From the damage prevention side,
different combinations of materials have been combined to gen-
erate functional multi-layered microelectronic concepts ranging
from simply placing the brittle layer at the neutral axis!'1?] to
more complex criteria that show that the layer order is a cru-
cial design parameter.['¥l Damage management solutions are still
rare since flexible thin metal films pose different challenges as
rigid bulk materials applications, like steel or concrete, which
have space for capsules that store a healing agent. For flexible,
thin metal films, capsule-based healing would be more compli-
cated as it could lead to stress concentrations and high anisotropy.
Therefore, the healing agent needs to be stored in a way that does
not interfere with the damage prevention properties (optimally,
even enhancing them) while providing management of the dam-
age. Odom et al.l'* solved this problem for metal inks, enabling
autonomous healing using core-shell microcapsules in the sub-
strate, which, if damaged, would dissolve the polymer binder of
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the used matrix, allowing the Ag particles to be mobile and redis-
tribute, thus healing the crack.'* Ding et al.'®] created thin-film
transistor circuits with healing capabilities based on a dispersion
of conductive particles in an insulating fluid. The particles align
themselves at broken circuits due to the appearance of an elec-
tric field.["] Yurkevich et al.l'] invented a rapid entropy-driven
self-healing mechanism for metal oxides, enabling future use
for transparent conductive metal oxides by storing their healing
agent in the substrate and activation upon atmosphere exposure.
For metal films, healing is even more limited as no mobile parti-
cles can easily be created. Putz et al.l'’] showed that electromigra-
tion can heal cracks of several nm wide in 50 nm thin Gold films
on a flexible substrate.['’] More recently, Danzi et al.l*®! investi-
gated rapid self-healing of cracks up to 500 nm width on 100 nm
thin films of Gold and Copper by using 50 nm Ni/Al bilayer films
as a heat source, generating severe but rapid heat pulses to heal
the material.l*®]

Molybdenum is a brittle material that finds widespread use
in flexible devices such as solar cells,"?! thin film transistors
and liquid crystal displays.[?224] Mo is used due to its low electri-
cal resistance, chemical inertness, high acoustic impedance, and
high thermal stability.l?>2>?%] The Mo films are often the limit-
ing factors when it comes to the flexibility of the devices. There-
fore, Jorg et al.?”°! investigated the electro-mechanical prop-
erties of sputtered thin films made of pure Mo and Mo-alloys.
For Mo, Cu, alloys, they showed that the electro-mechanical
properties, such as the deformation behavior, changed with in-
creasing Cu content.??] Gao et al.?% investigated the mechani-
cal and electrical properties of Mo, ,Ag, over the entire compo-
sition range. They studied the system due to its superior hard-
ness, decreased costs, and increased electrical erosive resistance
performance compared to pure Ag.**3!l Sputtered Mo, ,Ag, (18
< x £ 52.1) films on flexible polymer substrates were found to
exhibit self-formation of single crystal Ag nanoparticles at the
surface, even at room temperature.??] The nanoparticles for-
mation in the metastable Mo-Ag system is driven by phase-
separation into polycrystals due to highly positive enthalpy of
mixing (H,,,) that outweighs the enthalpy of segregation (H,,)
significantly.3334] Due to the biocompatibility, hydrophilicity and
particle formation of the Mo, ,Ag, (18<x<58.9) system, it can be
used to create an effective substrate for surface-enhanced Raman
scattering.3235-371 With high Ag contents (87 at%), the binary sys-
tem is known to have strong light-trapping properties.[*®! Segre-
gation of noble metals to surfaces has been used in “chameleon
coatings” with different matrix materials such as Yttrium!*!
CrN041 or MoN.[*] Such coatings are known for their favorable
friction properties for high-temperature tribological aerospace
applications.[**! Hu et al.*®] showed that by creating a multilay-
ered architecture with 100 nm TiN diffusion barriers, the coat-
ing’s wear life could be increased, and the Ag diffusion could be
controlled and directed.(*”!

Co-sputtered metastable Mo, Ag, alloy films on Polyimide
that combine damage prevention and damage management
mechanisms were investigated within this work. Adding a cap-
ping layer as a barrier suppressed segregation until cracks
emerged, which created an energetically favorable surface for
diffusion. This suppression was checked by ageing the sam-
ples for several months at room temperature. The limits of the
method were further investigated, showing that the method is
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Figure 1. Timeline of the experimental progress.

autonomous intrinsic as defined by Zhang et al.l!! but becomes
more effective with increasing temperature. The healable crack
width is in the regime of several hundred nanometers.

2. Results

2.1. Timeline

To accurately describe the presented long-time study (46
months), a timeline has to be introduced (Figure 1). The samples
were deposited in November 2019 and directly pre-tested in the
following weeks. This was followed by a room temperature an-
nealing to distinguish strained and unstrained samples in terms
of room temperature segregation behavior. In 2022 and 2023, the
samples were checked for surface segregations, and two testing
periods (Testing I and Testing II) were performed, resulting in
different figures presented in this study.

2.2. Fractographic Analysis

Figure 2 shows a scanning electron microscopy (SEM) analysis
of the sample morphologies, each consisting of a top view of a
strained (1) and healed (strained and annealed) (2) sample and
a cross-sectional focused ion beam (FIB) cut of a healed sam-
ple (3) after straining samples to 4%. Annealing was performed
for 2 hrs. at 350 °C in a vacuum furnace. The self-healing is not
directly apparent for Mog,Ag;s. The unhealed (Figure 2al) and
healed surface (Figure 2a2) views show no distinct Ag segrega-
tions. The cross-section in Figure 2a3 reveals that the crack is
partially filled, including where substrate damage has occurred,
thereby connecting the crack flanks and decreasing resistance of
the film. With increasing Ag content, the healing mechanism
becomes more pronounced. Figure 2b2 shows that Mog,Ag;,
surface segregations become evident after annealing. The cross-
sectional image (Figure 2b3) shows that the crack is filled, and an
Ag particle was produced at the top of the surface. In Mo;;Ag,,
presented in Figure 2c, the cracks are not straight as for films with
lower Ag content, as cracks are shorter and meander through
the material. The Ag particles only formed directly at the cracks
(Figure 2c2), indicating that the rest of the capping layer re-
mained intact and prevented the segregation even at elevated
temperatures. The cross-sectional image in Figure 2c3 shows that
the crack paths are completely healed, including substrate dam-
age in the vicinity of the interface.
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Figure 2. SEM images of samples strained to 4% strain for each Mo, ,Ag, composition being a) Mog,Ag;s, b) MoggAgsy, and c) Mos3Aggy, respectively.
All sub-figures marked with 1) correspond to the relaxed state after cracking, 2) the annealed state (350 °C for 2 h), and 3) FIB cross-sections of annealed
samples. The white arrows indicate where the healing agent fills up the substrate damage.
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Figure 3. a) BF-STEM of the cross-sectional healed crack with selected area diffraction patterns of the MoggAgs matrix (top right) and Ag filling (bottom
right). The circles show the location and size of the selected area apertures using the same contours, respectively. b) elemental maps and c) line scans

across the healed crack, as marked in a). (Color online).

Cross-sectional transmission electron microscopy (TEM) anal-
ysis was performed on a healed Mog,Ag;, sample to show that
the crack was filled by Ag segregation. Figure 3 presents a bright-
field scanning transmission electron micrograph (BF-STEM) of
the cross-section with the corresponding selected area diffraction
(SAD) patterns of the Mog,Ag,, matrix and the healing agent
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(Ag), respectively. The positions of the selected area apertures
at which the diffraction patterns were taken are highlighted in
the STEM micrograph. The SAD pattern of the Mog,Ag;, matrix
confirms a body-centered cubic (BCC) structure with a lattice pa-
rameter of the dominant Mo (a,, = 3.14 A[*)). Elemental maps of
the same cross-section were recorded using an energy-dispersive
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Figure 4. Evolution of the normalized resistance upon straining for different Mo,_,Ag, alloys. The COS for an alloy is reached as soon as the point-
dashed 10% deviation line from the constant volume approximation is crossed. Full lines represent the first loading to 4% strain, and dashed lines
re-loading after straining and annealing treatment (healed state). Color online.

X-ray spectroscopy (EDX) detector, as shown in Figure 3b. This
confirms that only Ag is present in the former crack and the dam-
aged substrate. The Mo distribution map highlights the Mo cap-
ping layer. The Ag elemental map confirms the absence of Ag in
the Mo capping layer after the annealing step, showing that it acts
as an effective diffusion barrier. Figure 3c shows an elemental
line scan across the healed structure, revealing an O enrichment
in the crack walls (Mo, ,Ag,-Ag interfaces) due to exposure to the
atmosphere before the healing step.

2.3. Electro-Mechanical Characterization

All samples were aged at room temperature for several months,
as visualized in Figure 1. During this period, hardly any silver par-
ticles were observed. For samples without the segregation barrier,
surface segregation occurred on the entire surface during sig-
nificantly less time at room temperature.3%441 All samples were
strained to 4% and then annealed at 350 °C for 2 h to accelerate
the self-healing. All samples exhibit significant cracking after ap-
plying 4% strain. The effect of strain on an electrical resistor can
be described via the constant volume approximation.[*! The con-
stant volume approximation was used to define the behavior of
an ideally stretched thin film before cracking occurs. It is defined
as:

2

R L 2

—=(=) =0 1

() - !

where Rﬁ is the resistance (R) normalized by the initial resis-

0

tance (R,), Li is the gauge length (L) normalized by the initial
0

gauge length (L,) and ¢ is the strain. Cracking of the thin films

will result in deviations from the constant volume approxima-
tion because the presence of through thickness cracks in the
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film will significantly hinder conductivity in the film. As a re-
sult, a crack onset strain (COS), or the initial fracture strain of
the film, can be defined by a 10% deviation from the theoret-
ical behavior.!?”#6#8] This definition is commonly used to de-
fine the COS as it allows to compare the cracking of different
films based on their electrical properties in a normalized way.
The COS values depend on the material properties and thin
film architecture (composition, thickness, residual stresses, and
combination of brittle and ductile layers).[?>*3#] The evolution
of the normalized resistance and the COS for the investigated
samples is shown in Figure 4 the 10% deviation from the the-
ory is marked as an orange point dashed line. The COS for
each experiment can be seen at the intersection between the
different curves and the 10% deviation line. The COS values
shift to higher values with increasing Ag content and film thick-
ness. Upon re-straining of the already strained and healed sam-
ples, lower COS values were observed. For Mo-rich samples, the
cracks nearly instantly reopened upon restraining (Figure 4b).
For Mos;Agg; the electro-mechanical properties are partially re-
stored, and the healed cracks do not reopen immediately, as in-
dicated by the intersection of the blue dashed line with the COS
line.

Table 1 shows the evolution of the resistivity of samples in dif-
ferent states during an experimental cycle. Samples were first
measured in their initial (aged) state. Note that the initial resis-
tivity of the pristine Mo, ,Ag, samples was found to be close to
the values of the aged samples (within the error range reported
in Table 1 for aged samples), which means that the pristine sam-
ples cannot be distinguished from the aged samples with the ini-
tial resistivity. All samples were strained to 4% strain, thereby
cracking the films. After straining the substrates were allowed to
relax. Due to the cracks induced into the films, the resistivities
in the relaxed state were significantly higher (Table 1). Relaxing
was followed by an annealing treatment to 350 °C for 2 h, thereby

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 1. Resistivity of films strained to 4% in the as-deposited, relaxed and healed state. COS extracted from Figure 4 for films strained to 4% before
and after healing. Saturation crack density at 15% strain was determined from pre-tests. Data combined with literature data for similar compositions

extracted from Gao et al.[3% using WebPlotDigitizer.!>3]

Resistivity [Q m] x 1078 COS [%] Average Saturation Literature Comparison
Crack Density p, g
Composition Initial - (aged) Relaxed Healed Initial — (aged) Healed (e = 15%) [um™] Composition Resistivity [Q m] x 1078
Mog,Ags 230 + 87 3907 + 2331 557 +113 0.16 0.07 0.1 0.002 MoggAgy, 30 140 + 8
MoggAgs, 94 +2 631+ 403 124 + 34 0.27 0.07 0.11 + 0.003 MogsAgs, 3% 132+9
Mo;3Age; 61+ 14 75+7 55+3 1.35 0.58 0.062 + 0.003 Mo,sAg;, 39 55+ 1

accelerating the healing process. After annealing, the resistivity
dropped considerably compared to the relaxed state for all sam-
ples (Table 1). This decrease indicates that the crack flanks are
reconnected, as shown in Figure 3, which allows current to flow
again.’*>2 Additional samples were strained to 15% (pre-tests),
where the average saturation crack density was measured via the
line intercept method and added to Table 1 to allow for quantita-
tive comparison to other studies. Literature values of Gao et al.3%!
are shown in Table 1 to allow comparison between similar com-
positions with the presented work.

2.4. Additional Experiments
2.4.1. Constant Strain

A composition (MogAg,;) that led to straight cracks was chosen
to be tested at constant strain. The cracks lead to significant in-
creases in resistance, resulting in a network of cracks through
the film and the capping layer. The sample had an initial resis-
tance of 2 Q. After cracking, 150 Q were measured. The resis-
tance was subsequently decreased to 3 Q after annealing. Figure 5
shows that this procedure resulted in Ag segregation bridging a
~500 nm wide crack, even though the sample was kept in ten-
sion. Despite the surface segregations in Figure 2b2 (same com-
position and heat treatment), no surface segregations were ob-
served in Figure 5, indicating less damage to the capping layer.
The samples resistance was rechecked after additional ageing at
room-temperature (12 months), which led to a further decrease
in resistance to values of about 1 Q.

2.4.2. Room Temperature Self-Healing

During pre-testing, samples were strained to 15%, thereby
severely damaging the films and plastically deforming the sub-

Figure 5. SEM micrograph of a MoggAgs, sample surface view. The sam-
ple was under strain during annealing and surface analysis to distinguish
the substrate and sample effects.
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strate. Afterward, they were cut in half, annealing one part while
the other was stored at room temperature. Both sample parts
were kept at approximately room temperature for 11 months,
experiencing seasonal temperatures of 18 to 30 °C. In this pe-
riod, cracks with an approximated width of 250 nm were healed
in Moy;Ag, (Figure 6b).

3. Discussion

3.1. Healing Mechanism

To trigger different healing mechanisms in thin films, specific
conditions must be met, such as a high enough electric cur-
rent to allow electromigration,['’] a rapid exothermic reaction
of parts of the multi-layered structure,'® or contact with the
atmosphere.[') None of these external triggers are needed for
the proposed healing mechanism, as it does not require exter-
nal intervention for the healing process. Only ambient tempera-
ture and time are necessary to ensure atomic mobility for the Ag
to diffuse into the crack. Thus, as defined by Zhang et al.,!!! the
healing mechanism can be classified as autonomous intrinsic.
The effective atomic mobility is higher for Ag-rich alloys,>*] this
is evident from the room-temperature self-healing of Mo;;Ag,
(Figure 6). The difference in mobility could possibly allow to tai-
lor the self-healing behavior to the expected operating tempera-
tures. The storage of the healing agent is achieved in a metastable
Mo, ,Ag, interlayer encapsulated by a segregation barrier. The
metastability is due to the positive mixing enthalpy for Mo and
Ag over all possible compositions.l>*>°! Density Functional The-
ory (DFT) calculations and experimental data suggest that despite
the positive enthalpy, Ag atoms tend to dissolve in the Mo lattice
for sputter-deposited Mo-rich compositions, creating a BCC Mo-
Ag metastable solid solution.[**>*%¢] Due to the combination of
highly positive mixing enthalpy (H,,;,)?* and the low segregation
enthalpy (H,,,) (positive for Mo-rich, negative for Ag-rich)i**] for
both the Mo-rich and Ag-rich alloys, the metastable alloy should
decompose into separated polycrystals given enough tempera-
ture and time.l**) The negative H,,, for Ag-rich alloys indicates
that, as for Ni impurities in Cu,*’] the solute (Mo) is even repelled
from the grain boundary.>**”] The phase separation is shown by
the polycrystalline Ag fillings of the cracks (Figure 3a), the sur-
face segregations (Figure 2) and the homogeneous distribution
of Ag inside Mo in the TEM-EDX image (Figure 3b). The uni-
form distribution of Ag in the matrix indicates the absence of
grain boundary segregation, which would be present for classi-
cal nanostructured systems (Mo-Au) and duplex structures (Mo-
Cr).3® No signs of grain boundary segregation were observed

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. SEM micrographs of a Mo33Ags; sample strained to 15% and a) annealed and aged 11 months at room temperature, b) aged 11 months at

room temperature. White arrows mark the substrate damage.

(Figure 3b), which is evident as the energy reduction from phase
separation significantly exceeds grain boundary segregation.!%®)
Phase-separated polycrystals were not obtained inside the film,
which indicates that more thermal activation would be needed to
generate them, thus making cracks and damages of the segrega-
tion barrier favorable spots for Ag crystal nucleation and growth.
Without a segregation barrier, the Ag of the presented Mo-rich
metastable solid solution would segregate to the surface even at
room temperature,323644] resulting in surface particles made of
single crystal Ag.[*?l The same applies for the cracks. The fill-
ing consisted of pure polycrystalline Ag (Figure 3b). The capping
layer prevented surface segregations and stabilized the alloy for
years at room temperature, as observed due to the lack of surface
segregations in Figures 7 and 2. A similar effect on Ag depletion
in Yttria Stabilized Zirconia YSZ-Ag-Mo nanocomposite coat-
ings was discovered by Hu et al..[*") YSZ—-Ag—Mo can be used in
high-temperature lubricating applications.*! Hu et al. showed
that by adding TiN segregation barriers, no change in chemical
composition was obtainable upon annealing to 500 °C, while Zir-
conia without barrier was Ag depleted.l>”!

Figure 7. SEM micrograph of the investigated bilayer setup composed of a
50 um thick polyimide (PI) substrate followed by a >600 nm thin Mo, Ag,
layer and a 50 nm thin Mo capping layer. The shown image is an un-
strained Mo33Agg;.
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The effectiveness of the mechanism comes into question.
Since PI exhibits thermal shrinkagel®-!l at elevated tempera-
tures (A€y, ypilex - s - soum = 0-02% at 200 °C for 2 h [9), experi-
ments with constant strain during annealing (Figure 5) and room
temperature annealing (Figure 6b) were performed, showing that
the self-healing is still effective. When comparing Figure 6a,b,
one can see that the crack flanks are pushed together when ex-
posed to the annealing treatment, but the connection is still in-
creased via the segregation into the crack. Figure 6b shows aged
Mos;Age, with Ag particles filled cracks of ~250 nm width at
room temperature. Assuming that all cracks were of the same
width and purely closed due to thermal shrinkage, the needed
shrinkage to close the cracks (Aey, ,ceq.a) Can be calculated
using:

Aeth, needed — Perack * Width’crack * 100% (2)

where p_,, is the crack density and width_, the crack width,
yielding 1.6% for the presented system (Mo;;Agg,), significantly
exceeding thermal shrinkage of PI reported in literaturel>*-°*) and
further emphasizing that the healing is not only due to thermal
shrinking.

The healed crack width in Figure 5 is in the same regime as
reported by Danzi et al.,['®! who healed cracks up to 500 nm,
which is significantly more than Putz et al.,['’] where cracks
of several nm widths were healed using electromigration. The
presented approach does not produce or rely on high tempera-
tures, even for a short period, ensuring that the substrate mate-
rial does not deteriorate, even locally. The experimental temper-
ature of 350 °C, used to accelerate the healing process, is suit-
able, as temperatures above 500-800 °C for several hours would
harm thin film-based devices and electronic circuits.[*®! Other
healing mechanisms, such as electromigration-based healing,
might deteriorate substrate properties locally depending on the
polymer substrate thickness and glass transition temperature.[®]
It is unclear if the severe heating pulses produced in the sam-
ples of Danzi et al.l'® would deteriorate the substrate’s proper-
ties. In the presented system, healing occurs at room temper-
ature, given enough time, as seen in Figure 6. Contrary to the
cracks healed with increased temperature, the room temperature
healed Ag-rich sample in Figure 6 did not show a complete filling
of the substrate damage. The crack seemed filled with particles

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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touching each other, still lacking thermal activation to merge into
a full polycrystalline filling, as shown in the sample annealed at
constant strain (Figure 5). The low-temperature healing is ap-
plicable for healing cracks in space applications as they exhibit
temperature cycles of about —100 to +100 °C,[®}] temperatures
in a good range for self-healing in a reasonable amount of time.
Unlike Yurkevich et al.,[! no atmospheric exposure is needed to
trigger the self-healing mechanism, making it a possible candi-
date material for space applications or inside multi-layered thin
film systems.

3.2. Electro-Mechanical Behavior and Fractography

The resistivity of Mo films has been reported between 5 x 107%
(close to bulk Mo) and 2000 x 10~% Q m, %74 heavily depend-
ing on the deposition parameters,/’?! microstructurel’* and an-
nealing treatments.l”!] For alloyed Mo films, values from 20 to
98 x 107 Q m have been reported for MoRe alloys!?®7°! and
values up to 108 x 107® Q m for MoCu films.[”®l Co-sputtered
Mo, ,Ag, films were investigated by Gao et al.,*"l and their resis-
tivity ranged between 55 X 107 and 140 x 1078 Q mP% for the
same composition range as presented in this work. The data has
been combined in Table 1, allowing a comparison of the resistiv-
ity. The presented Mog,Ag,, films had a significantly higher re-
sistivity (~200 x 10~® Q m), and the Mog,Ag;, samples exhibited
values below those reported by Gao et al..[3%! Even after straining
and healing, the Mo Ag;, films showed lower resistivity. The Ag-
rich (Mo;;Ag,,) films showed nearly identical resistance to the
values reported by Gao et al..*]

To ensure precise experimental conditions, all samples were
annealed to 350 °C for 2 h after straining to increase the atomic
mobility of the Ag. Annealing treatments have also been demon-
strated to positively impact the resistivity of uncracked Mo thin
films.l”!] Such an effect could be superimposed, but it does not
diminish the significance of the self-healing of the cracks, as the
self-healing at room temperature has a more significant impact
than expected from a heat treatment.

After healing, Mo-rich samples showed limited restoration of
the resistivity and only minimal further damage tolerance upon
restraining (Table 1). This minimal tolerance is indicated by the
sharp increase of resistance upon restraining in Figure 4. Con-
trarily, the Moy;Ag, system exhibited a complete recovery of the
resistivity upon annealing and additional limited damage toler-
ance upon restraining (Table 1 and Figure 4). This damage toler-
ance restores the functionality (limited flexibility while remain-
ing conductive) rather than the initial microstructure, which is
a typical property of self-healing materials, according to Hager
etal.l®l

The average saturation crack density at 15% strain (Table 1) for
the Mo-rich films is in the same regime as for pure Mo films of
similar thickness (500 nm) sputter-deposited at 500 W.?’] The
Ag-rich film resulted in a lower crack density similar to sput-
tering pure Mo with 4-10 kW.I?’] Further conclusions cannot be
drawn as the crack density also depends on the thickness of the
films.l”% Shifting from a Mo-based system to an Ag-based sys-
tem led to less straight, more irregular and deflected cracks with
more zig-zag patterns (Figure 2). Similar changes were reported
by Jorg et al.?! for alloying Mo with Cu.[?”! Such changes were
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correlated to increased fracture toughness by Gruber et al.l”’] for
Ta/Cu bilayer films.[””l Change in crack patterns indicates that, in
addition to the damage management properties, the damage pre-
vention properties of the film change for Mo-based and Ag-based
films.

3.3. Substrate Damage

The damage of the substrate is often ignored in the literature,
which is reasonable as the system usually loses its functionality
with severe cracking of the metal films. This is not the case in the
presented system. Therefore, damage to the substrate becomes
interesting.

Cheikh et al.”®] and Douville et al.”®! investigated the frac-
ture of metal-coated polymers experimentally and via finite ele-
ment simulations. Cheikh et al.”® investigated ethylene tetraflu-
oroethylene (ETFE) coated with ZnO thin films of different thick-
nesses. They showed that cracks in their ZnO thin films lead to
stress concentrations in the substrate.[”®] These resulted in local-
ized (“butterfly wing shaped”) plastic strain bands in the sub-
strate. These bands were positioned right and left of the crack
in the film (45 tilt with respect to the substrate surface).l’®!
Douville et al.l””] investigated the fracture of metal-coated Poly-
dimethylsiloxane (PDMS). They showed that deformations and
cracks formed in the polymer substrate at the cracks in the
films.[””] They manifest as concave deformations in the substate
with peaks around both sides, which matched their experimental
profiles.[”?]

For the presented system, substrate damage is visible in the
cross-sectional images (Figures 2,3, and 6). The “butterfly wing
shaped” stress concentrations, described by Cheik et al.,[’®! are
closely resembled in the damage shown in Figure 6b. Concave de-
formations are present in the substrate at Ag-filled damage sites
in Figures 2 and 3. Note that there is a severe difference in the size
of the damage reported by Douville et al..”?] The deviations can
be explained by the differences in mechanical properties between
ETFE (E = 1 GPa, 6, =21 MPal”*)), PDMS (E = 0.0038 GPal”))
and the used PI (Upilex-S, E = 8.7 GPa, ¢, =147 MPal")). This
underlines that further investigations are necessary to describe
substrate damage induced by thin film cracking on PI. Addition-
ally, for the presented system, the newly formed Ag/PI interface
in the damaged region needs further investigation.

4, Conclusion

Metastable co-sputtered Mo, ,Ag, thin films showed improved
damage prevention and management with increasing Ag con-
tent. An autonomous intrinsic self-healing mechanism was in-
troduced, relying on the ratio of the highly positive Mixing En-
thalpy (H,,;,) of the binary alloy combined with a segregation bar-
rier to promote deliberate local segregation of the healing agent
inside cracks. The metastable alloy is known to produce surface
segregation even at room temperature. By adding a segregation
barrier, the alloy became stable for several years at room tem-
perature, as the segregation barrier restricted energetically favor-
able surfaces or interfaces that could become segregation sinks
of the healing agent. The novel self-healing mechanism can be
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http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Table 2. Co-sputtering procedures for the different compositions. Thicknesses were measured on multiple samples with 3 measurements per FIB cuts

and TEM images.

Composition Thickness (including capping layer) [nm] Current [A] Ar pressure (Pa) Deposition time [min]
Mo (2 Targets) Ag

Mog,Ag g 669 + 9 035 0.05 038 8

MogoAgs, 872+ 14 0.35 0.10 0.38 8

Mo;;Age; 1070 + 35 0.35 0.35 0.38 4

used for flexible thin film applications. It can be compared to
capsule-based healing, but thin metastable films encapsulated
with segregation barriers are used instead of a nanosized cap-
sule. The mechanism can be used in multi-layered systems and
space environments as it does not require external intervention
or atmosphere to trigger. The Mo, Ag, system allows for fu-
ture damage tolerant and damage management designs, result-
ing in more sustainable, longer-lasting, flexible microelectronic
components.

5. Experimental Section

Film Characterization: Sample surfaces were characterized using a
scanning electron microscope (SEM, LEO 1525 Zeiss Inc, Oberkochen,
Germany). The thicknesses of the samples (Table 2) were measured from
scanning electron images of the film cross-sections prepared by dual beam
focused ion beam (FIB, LEO 1540XB Zeiss Inc, Oberkochen, Germany). A
SEM (Zeiss Evo-50) with an Oxford Instruments INCA extension was used
to determine the chemical composition via energy-dispersive X-ray spec-
troscopy (EDX).

A MoggAgs, sample strained to 4%, followed by an annealing treat-
ment at 350 °C for 2 h, was selected for a site-specific FIB lift-out since
the sample experienced full thickness cracks. The lift-out was carried out
to study the healing mechanisms of the proposed architecture. It was
conducted in a Zeiss Auriga dual beam workstation equipped with an
OmniProbe micromanipulator and a gas injection system (GIS). Before
cutting, the sample was protected using a W overlayer applied with the
GIS to avoid Ga implantation in the specimen. An electron transparent
lamella containing a healed crack was then prepared, where FIB cutting
currents in the last polishing step were set at 50 pA with a 30 kV accel-
eration voltage. The lamella was immediately investigated in a JEOL 2200
FS transmission electron microscope (TEM) operating at 200 kV equipped
with an Oxford Aztec Ultim Max TEM EDX detector to study the elemen-
tal composition of the matrix material and filling material, respectively.
Note that TEM EDX was used as a semi-quantitative technique as it was
used without a calibration standard. Therefore, the measured composi-
tion might not reflect the actual composition precisely, but it still allows
for an accurate description of the severe differences due to segregation.
After 3 weeks at room temperature, the same lamella was re-investigated
inthe TEM (STEM and EDX) to confirm that the healed structure remained
stable.

Film Synthesis:  Different Mo, Ag, alloys (Table 2) with 50 nm thick
Mo segregation barriers (capping layers) were sputter deposited using a
laboratory-scale unbalanced direct current dc magnetron sputtering de-
vice. The films were deposited onto 50 um Polyimide (PI, Upilex-S) sub-
strates. Before deposition, the Pl substrates were cut using a Cricut Ex-
plore Air 2 into rectangular tensile specimen strips sized 6 x 50 mm. After
cutting, the substrates were cleaned for 7 min with ethanol using an ul-
trasonic bath. The sputtering device was equipped with three circularly
arranged AJA A320-XP magnetrons for 50.8-mm-diameter targets, which
were focused onto a rotatable sample holder at a distance of 40 mm. The
base pressure was <5 x 107 Pa. Before deposition, the substrates were
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fixed with Kapton tape, followed by a plasma etching step. The etching
was conducted for 120 s at an Ar pressure of 1.2 Pa in the chamber, us-
ing an asymmetrically bipolar pulsed dc plasma at —350 V with positive
pulses set to +37 V and a frequency of 50 kHz. During co-sputtering of
the Mo, Ag, films, two Mo targets were sputtered in current-controlled
mode at 0.35 A (124 W), whereas the current at the one Ag target was
varied to control the composition, see Table 2. The Argon working pres-
sure was about 0.38 Pa. The 50 nm Mo segregation barriers were sputter
deposited in power-controlled mode with 78 W for 86 s on top of the sam-
ples. No external heating was applied to the substrates, which were held
at ground potential during film deposition. The accurate thickness of the
segregation barrier was determined via a TEM image with 47+3 nm. A
SEM micrograph of the film architecture is shown in Figure 7.

Electro-Mechanical Characterization: ~Samples were strained to 4% en-
gineering strain using an MTS Tytron 250 with isolated grips and a four-
point setup connected to a Keithley 2000 multimeter. The electrical resis-
tance was measured in situ as was performed by.[?7.74] The resistivity was
calculated using:

p:R*i;*w (3)

where R is the electrical resistance, t is the film thickness, w is the sample
width, and [ is the length between contacts. The errors of the measure-
ments were propagated. Afterwards, the samples were relaxed for several
minutes, and the resistance was remeasured. The induced damage was
quantified using SEM imaging. After characterization, an annealing pro-
cedure was performed at 350 °C for 2 h in a vacuum furnace. A heating
rate of 10 K min~! was used, and the cooling was achieved significantly
slower by switching off the furnace. The temperature was chosen as it is
still lower than the detrimental temperatures (500-800 °C, for hours) for
thin film applications.["] Polyimide can withstand 350 °C without degra-
dation of the mechanical properties for significantly longer times.[>%30-82]
Furthermore, the 2 h were chosen since the procedure led to a signifi-
cant amount of particles at the surface in pre-tests on samples without
a capping layer.[**] After the annealing step, the films were characterized
by SEM, FIB and selected samples via TEM.

Pre-Testing:  Pre-tests on strips were performed using an Anton Paar
TS600 straining device that stopped at defined strains to allow for imag-
ing of the film via confocal laser scanning microscopy (Olympus LEXT
OLS4100). The saturation crack density was determined from images
taken after relaxing from 15% strain via the line intercept method and three
different lines per sample. The resistance of the samples was checked be-
fore and after straining, and the crack density was measured.

Constant Strain:  To show that the resistance decrease after annealing
is not purely due to a substrate effect, a MoggAgs, sample was strained and
kept under strain to minimize the influence of substrate relaxation or ther-
mal shrinking using a custom-made, manual straining device that allows
the characterization of crack widths under strain. The sample in Figure 5
was strained until the resistance increased from 2 to 150 Q. The increase
in resistance was used to indicate damage, as the strain measurement on
this custom-made device was unreliable. The strain was maintained dur-
ing the heating treatment (350 °C for 2 h in a vacuum furnace), thereby
minimizing the effect of the relaxing substrate.
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