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ARTICLE INFO ABSTRACT

Keywords: In this work, we explore the relationships between the morphology, deformation behavior, and functionality of
MOD inks transparent electrodes based on metal-organic decomposition (MOD) silver inks on PET substrates. A self-
;ransl’are“t flexible electrode organized nanoporous microstructure with good interconnectivity of silver ligaments is shown to provide the
anoporous . . . necessary optical transparency and sufficient conductivity of the electrode. Tensile tests with in-situ resistance
Digital image correlation, In-situ resistance . . s . . . 1T
Fatigue measurements revealed moderate resistance increase with increasing applied strain, indicating the suitability of

the coatings for flexible electronics applications. With the help of in-situ scanning electron microscopy in
combination with digital image correlation, it is demonstrated that cracks which are generated during a tensile
test are short and isolated, which is beneficial for good electromechanical stability during monotonic and cyclic
loading. In contrast to alternative methods for synthesis of nanoporous ultrathin films, the demonstrated
transparent electrode is fabricated by a single printing-curing process under very low consumption of particle-

free MOD ink, thus being suitable for cost-effective mass production.

1. Introduction

In recent years, flexible electronic devices have become increasingly
present in research and industry. Replacing rigid glass substrates by
polymer foils gives not only mechanical flexibility to displays [1,2],
touchscreens [3], sensors [4,5], photovoltaics [6] etc., but allows to
make them thin and lightweight, simultaneously enabling cost-effective
large-area production. A particular challenge in the development of
flexible optoelectronic devices is the material choice for transparent
conductors. While today’s de facto standard material for transparent
electrodes — indium tin oxide (ITO) [7] - can be readily applied onto
flexible substrates like polyethylene terephthalate (PET), its inherent
brittleness severely limits its use in applications where it is subjected to
mechanical stress [8]. Moreover, indium belongs to the category of
critical raw materials, i.e. a raw material whose supply might become
limited in the near future, according to the European Commission [9].
Therefore, the replacement of indium-based transparent conductors
with more reliable and abundant materials has been a continued focus of
materials research and development. Multiple alternative approaches
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enabling fabrication of ITO-free flexible transparent electrodes have
been suggested in literature, including ultrathin metal films sandwiched
between oxide films [10-12], regular metal grids [13-15], random
metal nanowire networks [16-19], or nanostructured metal films
[20-23]. We refer the reader to recent reviews [11,24-26] for more
details.

Despite the variety of technological approaches enabling effective
fabrication of ITO-free transparent conductors in the lab, critical limi-
tations appear during scaling up the technology, particularly when
large-area mass production is pursued. For instance, vacuum-based
physical vapor deposition (PVD) is required for ultrathin oxide-metal-
oxide sandwiches; fabrication of regular metal grids is time-consuming
on a large scale; solutions containing nanowires or nanotubes are too
costly; nanostructured films require multiple lithographic steps. For
large-area roll-to-roll production, cost-effective solution-processed ma-
terials which require just printing and curing steps are required.

Particle-free solutions based on metal-organic decomposition (MOD)
inks have the potential to satisfy these requirements. The MOD inks
consist of oxidized metallic precursors, such as metal salts or organo-
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metallic complexes, dissolved in suitable solvents along with stabilizers
[27,28]. After printing, the curing process decomposes the organic li-
gands and reduces the precursors to a metallic film [27-30]. Currently,
silver and copper are the most employed materials, but MOD inks with
gold and even aluminum have been reported as well [18,31-34].
Recently also advanced electronic materials, like transition-metal
dichalcogenide MoS,, were successfully printed on polymer substrate
using a particle-free ink [35].

For flexible electrodes, the choice of metal may firstly depend on the
desired work function within the device. While silver offers excellent
electrical conductivity, it is not suitable for all applications. In partic-
ular, silver is incompatible with perovskite-based solar cells and LEDs
due to chemical reactions that degrade device stability [36], making
gold a more appropriate choice in this case. Furthermore, the metalli-
zation process is very sensitive to oxidization and therefore requires
inert conditions with only minimal oxygen present. Although gold is
more expensive, it is more resistant to oxidation and thus easier to
process for stable electrodes. In terms of cost, copper can be utilized as a
cheaper material, being roughly 65 times cheaper than silver. However,
oxidation of Cu nanoparticles must be strictly controlled [37].

In general, particle-free inks possess a longer shelf life than tradi-
tional nanoparticle-based inks, while simultaneously preventing the
clogging of nozzles and print heads [27]. Moreover, since there is no
need to first produce nanoparticles or nanowires, cap them with pro-
tective layers and then remove them after deposition, the processes of
fabricating and curing the particle-free ink are simplified. Therefore,
particle-free MOD inks are potentially more cost-effective and
energy-efficient with respect to mass production [38].

Although MOD inks are mostly utilized for production of regular
opaque conductors [27,39], it was recently demonstrated that ultrathin
layers of cured MOD inks possess the necessary combination of optical
transparency and electrical conductivity to act as a transparent electrode
in a flexible OLED device [30,40]. Fabrication of such electrodes bene-
fits from the advantages of MOD inks and, at the same time, only re-
quires a single printing-curing procedure without additional
nanofabrication steps.

Apart from sufficient optical transparency and electrical conductiv-
ity, the additional requirement for flexible electronics is the stability
during mechanical loading. Although mechanical behavior of PVD films
on polymer substrates is described well [41-43], understanding of the
deformation and fracture mechanisms in novel transparent electrode
types is very poor. Typically, the flexibility is proved by applying various
numbers of bending cycles using custom-made setups (or even manu-
ally) and demonstrating that no significant reduction of electrical con-
ductivity is observed. For reliable production and functioning of future
flexible devices, mechanical behavior of transparent electrodes must be
better understood in terms of the underlying mechanism of deformation
and fracture. Specifically, in the case of multi-component, nano-
structured, or ultrathin layers, the deformation mechanisms are
different from those in continuous PVD films and must be considered at
small scale.

Therefore, this work provides a detailed analysis of the morphology
and structure of nanoporous transparent electrodes based on MOD inks,
considers their deformation behavior at the nanoscale, and describes
their electrical degradation during monotonic and cyclic mechanical
loading. The combination of different in-situ methods enabled estab-
lishment of solid correlations between the topological and electrical
evolution induced by monotonic and cyclic mechanical strain. For the
sake of comparison, the same analysis was also applied to a thick, low-
resistance nanoporous conductive layer obtained from the same
printing-curing process.
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2. Materials and methods
2.1. MOD ink formulations, properties, printing, and metallization

The two plasma metallization inks used in this study are commercial
products OTech T 1053 and OTech Jet 1151, provided by OrelTech
GmbH. Both inks contain an organometallic precursor that includes Ag™*
ions in addition to a combination of organic solvents that facilitate inkjet
printing and the subsequent metallization process [44]. While precise
ink formulations and manufacturing processes are commercial secrets,
both OTech T 1053 and OTech Jet 1151 inks contain common, hydro-
philic solvents from the glycol, alcohol, and ketone families that assist in
dissolving metal precursors and in making the inks shelf-stable and
suitable for the chosen ink application method. The choice of solvents
and the concentration of the metal precursor in each case are dictated by
the target metal layer thickness, the desired metal crystal shape, and the
ink’s physical parameters. Specifically, the ink viscosity of both inks,
measured using an Ostwald (U-tube glass capillary) viscometer, was
ensured to be in the range of 10-12 cP at room temperature. Surface
tension, assessed by the drop weight method, was adjusted to be in the
range of 25-30 mN m~! at room temperature. These liquid parameters
fulfill the necessary requirements for the use of the ink in inkjet printing.
Upon contact with RF plasma, the silver cations undergo reduction to
the Ag? state. Due to the simultaneous plasma-assisted decomposition of
the organic solvents, the resulting metallic particles assemble into
polycrystalline layers. This process has been described in more details in
previous research [40,45,46].

PET substrates with a thickness of 100 um were sonicated in DI water
and isopropanol for 5 minutes and thoroughly dried under a nitrogen
flow. Prior to printing, the substrates were activated for 3 minutes using
a Diener Pico low-pressure plasma cleaner system with argon plasma at
a gas flow of 30 sccm and power of 150 W. This step ensured good
wetting of the ink on the substrates.

Inkjet printing was carried out using an off-the-shelf Epson XP-235
printer. Both inks were loaded into single-use cartridges. In the case of
OTech T 1053, “gray” RGB parameters (40, 40, 40) were employed to
print 15 x 10 cm rectangles with a 600 dpi resolution. In the case of
OTech Jet 1151, “black” RGB parameters (0, 0, 0) were used to print 15
x 10 cm rectangles with the same resolution of 600 dpi.

Ink curing was performed in a Diener Pico plasma cleaner system
immediately after printing. After the chamber pressure was stabilized at
0.4 mbar, argon plasma at a gas flow of 20 sccm and power of 150 W was
used to completely reduce the printed layers to metal. In all cases, the
processing time inside the plasma chamber was 5 minutes, after which
no organic solvents remained, and the layer was fully metallic. Printed
OTech T 1053 ink resulted in a transparent polycrystalline silver layer
with a nominal thickness of 30 nm, as determined gravimetrically and
further assessed in previous work [40]. Printed OTech Jet 1151 ink
resulted in an opaque polycrystalline silver layer with a nominal
thickness of 150-200 nm, as determined gravimetrically. Throughout
this paper, the transparent 30 nm thick coatings will be referred to as
“transparent” samples, while the thicker opaque films will be referred to
as “low-resistance” samples.

2.2. Characterization methods

The sheet resistance of the as-deposited layers on the PET substrates
was measured on an approximately 5 x 5 cm? coated area in van der
Pauw geometry, using a Keithley 2400 SourceMeter as a current source
and a Keithley 2000 as a voltmeter.

SEM characterization was performed in a Zeiss Leo 1525 scanning
electron microscope.

Optical transmission spectra were collected with a Perkin Elmer
Lambda 950 double-beam spectrometer against a blank reference in 1
nm steps.

Uniaxial tensile tests were performed with an MTS Tytron 250
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universal tensile tester in displacement-controlled mode using 4 x 40
mm? samples. The initial gauge length of the samples was 20 mm, and a
displacement rate of 5 ym s was applied, giving the resulting strain rate
of 2.5 x 10* s’1. The maximum applied strain was 10%, and at least
three samples of each type were tested. The electrical resistance was
measured in four-point probe geometry in-situ during straining, with the
electrical contacts incorporated directly into the grips. A digital multi-
meter (Keithley 2000) was used to measure the resistance values which
were communicated to a computer through an RS232 port. Cyclic (fa-
tigue) tests were performed in the same configuration by applying a sine
strain function with a period of 2 s (i.e. 0.5 Hz) with the minimum value
of zero strain and maximum value of either 1% or 2%. The choice of the
strain levels for monotonic and cyclic loading corresponds to the po-
tential applications in the field of flexible or lightweight electronics.

For digital image correlation (DIC), the low-resistance samples were
strained in-situ inside the SEM Zeiss Leo 1525 using a custom-made
compact manual straining stage. Selected areas of the film surface
were imaged at zero strain and at global strains of 1.4%, 3.2%, 4.5%,
6.7%, and 8.5%. For each straining step the SEM chamber was vented
and the screw-driven movable arm of the straining stage was displaced
manually. Usage of a manual tensile stage allows to avoid potential ar-
tefacts in SEM images, enabling fast and precise image correlation. The
global strain values were measured directly in SEM by measuring the
distance between two markers at low magnification. At each loading
step, five areas were imaged at a magnification of 15,000x (field of view
equals 20 um) and resolution of 1024 x 768 pixels with an acceleration
voltage of 3 kV. These images were analyzed using a free version of GOM
Correlate DIC software to construct the maps of local strain. Since the
sample surfaces exhibit natural random porosity, no additional speckle
pattern was required for DIC.

To extract linear crack densities and crack lengths, the DIC strain
maps at maximum strain (8.5%) were utilized. For linear crack density,
straight lines parallel to the straining direction are drawn across each
image and the number of intersects is divided by the length of the line.
Altogether 25 linear crack density measurements were performed, five
per imaged area. The crack lengths were measured as a projection of the
crack length onto the direction perpendicular to the straining direction.

3. Results and discussion
3.1. Optical and electrical properties

Optical characterization of the printed layers was carried out by
recording UV-VIS spectra of the two film types. The ultrathin films
exhibit high transparency with transmittance increasing from 82% at
the wavelength of 800 nm to 92% at the wavelength of 400 nm. For the
150 nm thick film, blockage of all light across the visible spectrum was
observed, with a transmittance of < 1 %. The measured spectra are
provided in the supplementary material as Fig. S1.

Optical and electrical properties of as-deposited films are summa-
rized in Table 1 along with the parameters of an ITO coating from our
previous work [47]. In order to quantitatively compare different elec-
trode materials, we employ Haacke’s figure of merit (FOM), in which the
optical transmission T is related to the sheet resistance Ry by FOM = T°
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R;! [48]. Although more complex concepts of FOM have been introduced
recently (see, e.g. [49]), we have used the original Haacke FOM for the
sake of comparability. The transparent electrode obtained from the
MOD ink has a value of FOM only slightly lower than ITO, thus indi-
cating a favorable combination of optical transparency and electrical
conductivity. The resistivity values were obtained using the measured
sheet resistance and nominal film thickness obtained from gravimetric
measurements, i.e. not considering the presence of pores or disconti-
nuities which are discussed later on. Nevertheless, the effective re-
sistivity of the transparent film is significantly lower than that of ITO,
although being about 50 times larger in comparison to bulk silver. The
low-resistance coating with a nominal thickness of 150 nm has an
effective resistivity only 7.5 times larger than bulk silver, proving its
suitability to be used as a regular, non-transparent conductor in flexible
electronics. Therefore, by appropriately adjusting the printing-curing
process, electrodes with different optoelectronic properties can be
produced.

3.2. Morphology and structure

The ultrathin transparent films exhibit a complex microstructure
containing areas with different morphology, as shown in the SEM
analysis depicted in Fig. 1. Dendritic growth during the solidification
process leads to characteristic snowflake-like patterns of silver separated
by voids that appear black in the SEM images (Figs. 1a and 1b). An
example of a presumed nucleation point of dendritic solidification is
demonstrated in Fig. 1a with arrows depicting the growth directions.
The pores (or voids) in the film can be classified into two groups ac-
cording to their geometry and origin, as shown in Fig. 1b and the cor-
responding inset. The first type includes the nano-sized pores with
diameters below 50 nm, which are formed within the solidified areas.
They appear presumably due to the decrease in volume during the
curing process. The pores of the second type are located between the
dendritic arms and can be significantly larger, up to a few micrometers
in size, although they typically have dimensions in the sub-micrometer
range. In addition to this dendritic microstructure, ultrathin films
contain areas characterized by a homogeneous percolated network of
nano-sized (20-50 nm) crystallites separated by pores of approximately
the same size, as depicted in Fig. 1c. On the macroscopic scale, the ho-
mogeneous percolated network topology is dominant within the film
and covers about 60 % of the total area. As can be seen in a low-
magnification SEM image shown in Fig. 1d, the dendritic colonies
with sizes up to a mm are randomly distributed within this matrix.

The porosity (i.e., surface fraction occupied by pores) determined by
grayscale thresholding is about 30% on average, specifically 28%, 31%,
and 33% for the images shown in Figs. 1a; 1b, and 1c, respectively. For
transparent conductors based on intrinsically non-transparent materials,
such as silver, some porosity is required to grant acceptable values of
optical transmission. However, large porosity values would inevitably
deteriorate the effective conductivity of the film. Both dendritic and
homogeneous morphologies can result in a favorable combination of
optical transparency and electrical conductivity required for transparent
electrode applications, assuming good interconnectivity of dendritic
arms or nanosized ligaments.

Table 1
Electrical and optical properties of the conductive layers considered in this work.
Sample Ink Nominal thickness, Sheet resistance, Effective resistivity, uQ*cm Effective conductivityb, Sem™? Transmittance®, FOM,
nm Qsq?l (% bulk) % ot
transparent OTech T1053 307 26.0 78 1.28 x 10* (2.08) 86.1 8.61 x 103
low- OTech Jet 1151  150° 0.8 12 8.33 x 10* (13.23) 0.7 3.53 x 1022
resistance
ITO - 120 15.0 180 - 84.0 11.60 x 102

a) according to gravimetric measurements
b) considering tabulated conductivity value for metallic Ag of 6.3 x 10° S cm™!
¢) at 550 nm
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Fig. 1. SEM characterization of nanoporous transparent conductive films. (a): center of a dendritic colony with arrows showing the dendrite growth direction from a
presumed nucleation point. (b): typical microstructure of a dendritic colony with the inset showing a corresponding enlarged view and two types of pores. (c): an
example of a homogeneous percolated network topology. (d): low-magnification SEM image demonstrating macroscopic distribution of dendritic colonies.

It is worth noting that the morphology presented in Fig. 1c is very
similar to the gold nanomesh electrodes obtained by vapor de-alloying
process of ultrathin Au-Cu alloy films [20] or to the nanoporous metal
films obtained by plasma-assisted dry synthesis process [23]. However,
in contrast to these rather complex, multi-step processes, the transparent
electrode shown in Fig. 1 was obtained through a single printing-curing
step and results in a lower sheet resistance and a higher optical trans-
parency [20,23].

The structure of thicker, non-transparent but low-resistance films can

be characterized as a network of interconnected silver particles with
homogeneously distributed pores in between, as shown in Fig. 2. The
characteristic sizes of the particles lie between 50 and 200 nm as
depicted by the dotted contours in Fig. 2b. The surface porosity is about
9% and varies only slightly throughout the film. In contrast to ultrathin
films, where porosity is required for high optical transmission, regular
conductors should have a dense structure to maximize the effective
conductivity. Therefore, further process optimization is required to
obtain denser films which could serve as regular metallization layers in a

Fig. 2. SEM characterization of the low-resistance films. Typical surface topology is given in (a) with the enlarged view from the corresponding marked area shown
in (b). The yellow dotted contours mark a characteristic ligament consisting of four particles.
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future device.

3.3. Mechanical properties and fracture behavior

In addition to appropriate optoelectronic properties, thin film elec-
trodes deposited on flexible substrates need to be mechanically stable.
Tensile tests with in-situ resistance measurements were performed using
a standard approach described elsewhere [50,51]. To enable direct
comparison of different films, the recorded resistance R during straining
is normalized to the initial resistance of the same sample Ry. Recorded
in-situ resistance is typically considered with respect to the theoretical
constant volume approximation curve, showing predicted resistance
change in case of perfect plastic deformation, i.e. when no cracks are
induced [50,51]. As can be seen in Fig. 3, the resistance of both ultrathin
transparent ink and low-resistance inks starts to deviate from the
crack-free deformation curve at the strain of about 0.5%, which is an
indicator of crack formation. However, the resistance growth with
increasing strain is moderate, so that both films stay conductive at 10%
strain, only losing approximately half of the initial conductivity. Mod-
erate loss of conductivity with increasing strain typically implies that
induced cracks are short and not well interconnected with each other
[52].

For comparison, the electro-mechanical behavior of ink-jet printed
silver from nanoparticle (NP)-based inks with a thickness of 800 nm on
PET from [43] is also shown in Fig. 3 along with the behavior of a
commercial ITO coating on PET. Although the NP-based film exhibits a
larger crack-free deformation range of about 1.5%, the resistance grows
much faster at higher strain values, indicating more severe cracking of
the conductive material. The ITO coating is intrinsically brittle, there-
fore recorded resistance grows rapidly after reaching the elastic limit of
about 1%, indicating catastrophic mechanical and electrical failure.

The observed crack onset strain of 0.5% in the nanoporous films is
surprising since in continuous films first cracks are formed first after
reaching the elastic limit which is typically between 1% and 2% strain
[43,53], even in the case of brittle ITO [54,55]. To explain this phe-
nomenon, we hypothesize that in stochastically formed nanoporous
films, some ligaments are particularly weakly bonded and begin to break
at strain levels lower than the material’s elastic limit.

To characterize the morphology of the damage after the applied
strain of 10%, post-mortem SEM characterization was performed.
However, due to the porous surface and viscoelastic substrate relaxa-
tion, which exposes compressive stress on the film after unloading,
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unambiguous detection of the induced damage was not possible, see
supplementary Fig. S2 for more details. In order to capture the nanoscale
mechanisms of deformation and fracture in considered systems, a series
of in-situ straining experiments in SEM with DIC analysis was
conducted.

In-situ SEM images of the low-resistance coating after applied strains
of 1.4%, 3.2%, and 6.4% overlapped with the strain maps obtained from
DIC analysis are shown in Figs. 4a; 4b; and 4c, respectively. The corre-
sponding enlarged images are given in Figs. 4d; 4e; and 4f, respectively.
The color map represents Mises strain which accounts for all compo-
nents (exx, Eyy, Exy) of the 2D deviatoric strain tensor. Mises strain reflects
the amount of local distortion energy density during mechanical
loading. Already after the first loading step with the applied global strain
of 1.4%, the distribution of local strains is highly inhomogeneous. In
Fig. 4d a region of high local strain of about 6% is depicted by the white
dotted curve. After the second loading step, corresponding to a total
global strain of 3.2%, the local Mises strain exceeds 20% within the
strain localization areas (Figs. 4b and 4e). At the applied strain of 6.4%,
the local strain distributions consist of interchanging areas of high and
low strains (Figs. 4c and 4d).

To provide a more quantitative description of strain evolution, the
average major strain component (gyy) from the areas depicted as “A” and
“B” in Fig. 4d, along with the average values from the whole area, are
shown in Fig. 5. The average strain from area “A” reaches high values of
over 40%, whereas within the neighboring area “B” it stays below 0.5%
(see the inset in Fig. 5). It is important to note that the strain calculation
in DIC analysis is based on the total surface displacements showing the
sum of elastic strain, plastic strain, and displacement due to the crack
opening after local rupture. Although the unambiguous separation of
these three contributions is not possible directly, the high-strain regions
can be identified as cracks due to the following two reasons. Firstly,
extended plasticity with a plastic strain of over 20% is not expected for
the nanocrystalline ligaments due to suppression of dislocation-based
plasticity, also known as the Hall-Petch effect [56]. Secondly, the
appearance of virtually fully relaxed zones, such as area “B”, is a typical
consequence of strain relaxation on the crack edges, as described by the
shear lag model [57].

The ultrathin films analyzed using SEM-DIC revealed qualitatively
similar morphology of local strain distribution, shown in supplementary
Fig. S3. However, since the films are ultra-thin, non-continuous, and on
a non-conductive substrate, the static charging of the substrate and
consequential image drift made quantitative interpretation of the DIC

2.4
2.2
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1.8

RIR,

1.6 1

commercial ITO on PET

1.4
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Fig. 3. Dependence of the relative resistance, recorded in-situ during straining, on the applied strain. Along with the low-resistance and transparent samples considered in this
work, the behavior of printed silver based on NP ink from [43], commercial ITO on PET, as well as the theoretical prediction for crack-free deformation are shown

for comparison.
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20

Fig. 4. SEM-DIC analysis of deformation and fracture behavior of the low-resistance sample. The SEM images are overlaid with the distributions of local Mises strain
employing the color scale given on the right. The same surface area is shown in (a, b, c) after the applied global strain of 1.4%, 3.2%, and 6.4%, respectively. Enlarged
views from the areas marked by yellow rectangles are shown in (d, e, f), respectively. The white dotted contour in (d) shows an example of local strain concentration.
The black squares marked with “A” and “B” in (d) depict the areas used for calculations of average strain values shown in Fig. 5. The straining direction is vertical.

50 1 " 1 " 1 n 1 " 1 L 1 " 1 n 1 " 1 "
10
o\-o 40 Area B B
5 05
w
£ 301 i
i 0.0
o 20 01234356789 I
o
g \e ared
z 104 Who! L
Area B
0] =% . * L

Global strain, %

Fig. 5. The evolution of the average major strain component (gyy) value ob-
tained from the areas marked by “A” and “B” and from the whole area analyzed
by DIC in Fig. 4. The curves are correspondingly marked directly on the plot.
The inset shows the enlarged view for the strains below 1%.

analysis difficult [58].

The results of the DIC analysis agree very well with the in-situ
resistance measurements, thereby establishing a complete picture of
deformation and fracture processes during tensile loading. Rupture of
single ligaments starts at low global strains of about 0.5%, leading to the
appearance of nanocracks and, consequently, the growth of resistance
beyond the constant volume approximation (Fig. 3). With increasing
applied strain, further ligaments rupture, leading to crack growth and
resistance increase, however, the cracks have zig-zag morphology and
lengths which do not exceed 3-4 pm (Fig. 4c). Moreover, the cracks are
homogeneously distributed throughout the film and do not form an
interconnected network, leading to rather moderate resistance growth
after 10% of applied global strain (Fig. 3). In fact, such a crack pattern
mimics the famous “kirigami approach” which utilizes intentional
introduction of stress concentrating defects to achieve a significant
extension of the stretchability of the whole composite structure [59].

Crack patterns consisting of homogeneously distributed, short, and
isolated cracks are advantageous from the point of view of electrical
stability. Indeed, despite the relatively high crack density, numerous
conductive paths for electric current flow are retained.

A quantitative relationship connecting electrical degradation with
crack pattern parameters proposed in [52] states that the relative
resistance (R/Rg) can be estimated as

R 1
RoTVa
where C; is the linear crack density (number of cracks per length in the
direction of electric current flow) and [, is the average crack length in
the direction perpendicular to the current flow. Based on DIC analysis of
five areas with the dimensions of approximately 15 x 25 um? each, the
experimental crack density of (0.48+0.08) um™ and the average crack
length and corresponding standard deviation of (1.7+1.0) um were
measured. The high value of the standard deviation reflects very broad
distribution of the crack lengths. By substituting the measured mean
values into Eq. (1), the resistance growth value of R/Rp=1.92 is esti-
mated. This value corresponds well to the experimental resistance
growth at 10% strain shown in Fig. 3 (R/Rp=1.82) confirming that the
quantitative correlation between the electrical degradation and crack
pattern parameters is adequately described by Eq. (1). Therefore, Eq. (1)
can be utilized to estimate the crack pattern parameters on the basis of
electrical resistance growth, avoiding time-consuming in-situ SEM
analysis.

The combination of in-situ resistance measurements, in-situ SEM-
DIC analysis, and the empirical relation between electrical degradation
and crack development provides a full picture of the deformation
behavior and electro-mechanical stability of the printed electrodes.

Glo + 5GP, M

3.4. Cyclic reliability

From the point of view of flexible electronics applications, a flexible
device should sustain rather small mechanical strains but repeatedly,
over many loading cycles without electrical degradation. It was shown
that conductors which exhibit good performance during monotonic
loading, such as pure ductile metals (like Cu, Ag or Au) fabricated by
physical vapor deposition, might quickly accumulate damage during
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cyclic loading with subsequent mechanical and electrical degradation
[60,61]. The evolution of electrical resistance during cyclic loading with
the cyclic strain of 1% and 2% is depicted in Fig. 6 for both transparent
and low-resistance samples.

Substantial resistance increase is observed in low-resistance samples
subjected to 2% cyclic strain (Fig. 6a) while the transparent samples
exhibit very good performance during 10,000 cycles. In the enlarged
view of the first 10 cycles (Fig. 6b) the fine structure of the recorded
signal allows to resolve each applied straining cycle with resistance
reaching maxima at maximal applied strain and minima at zero strain.
The observed evolution of in-situ resistance corresponds very well to the
analysis of the monotonic behavior. The critical strain to initiate cracks
during the monotonic tensile test (Fig. 3) was about 0.5% for both
transparent and low-resistance samples. Therefore, the cracks should be
initiated already during the first cycle, which is indeed observed in
Fig. 6b, since the resistance does not return to the initial value after the
first cycle. This observation confirms the suggestion that some ligaments
are particularly weakly bonded with each other and break at such a low
strain. However, after the weakest ligaments are broken during a few
initial cycles, no significant crack propagation is observed in transparent
samples. This follows from the fact that the resistance growth saturates
quickly and the overall resistance growth after 10,000 cycles is about
20% for the cyclic strain of 1% and about 30% for the cyclic strain of 2%.
The fine structure of the resistance signal after 9500 cycles is provided in
supplementary figure Fig. S4. It is worth noting that the tensile strain of
2% corresponds to a bending radius of only 2.5 mm for a substrate
thickness of 100 um as follows from the estimative relation e=t/2R,
where ¢ is the surface strain, t is the substrate thickness and R is the
bending radius. Therefore, the ultrathin transparent layers should
demonstrate very good stability during repeated bending.

In low-resistance samples, the cyclic strain of 2% indeed leads to
crack growth with increasing number of cycles which is manifested by
continuous growth of average resistance. An attempt to describe the
morphology of the cracks induced by cyclic loading and compare it to
the crack morphology during monotonic loading (Fig. 4) was performed,
however, in post-mortem images it was not possible to unambiguously
identify the cracks. Substrate viscoelasticity imposes compressive stress
on the film upon unloading [62] leading to the crack re-bridging effect
[63]. Although in the case of continuous sputter-deposited films the
cracks can still be clearly identified by propagating surface deformations
and extrusions [63], in nanoporous film it is not possible due to the
absence of extrusions and strong variations in image contrast caused by
the pores. Low-resistance samples subjected to 1% of cyclic strain show
good reliability with overall resistance growth of 30% after 10,000
cycles.

To benchmark the combined electrical, optical, and mechanical
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performance of our ultrathin transparent electrode against other ITO-
free alternatives, we focus on silver nanowire (AgNW)-based elec-
trodes which are discussed in detail in two recent reviews [64,65]. Our
nanoporous electrode exhibits an optical transparency of 86% and a
sheet resistance of 26 Q sq?, which are comparable to the
best-performing AgNW electrodes and their hybrid forms with gra-
phene, carbon nanotubes, or PEDOT:PSS [64]. Notably, our electrode
demonstrates superior mechanical robustness: while typical
AgNW-based systems withstand bending radii between 5 and 30 mm
[64], our electrode maintains performance at an equivalent bending
radius of just 2.5 mm.

Given the additional advantages of MOD inks over nanowire-based
inks discussed in the introduction, such as simplified processing,
enhanced shelf life, and lower material consumption, our nanoporous
electrodes represent a promising technology for next-generation trans-
parent conductive coatings.

4. Summary and conclusions

In this work, we focused on the establishment of the structure-
property relationships connecting nano- and mesoscale morphology
with macroscopic mechanical behavior and electrical performance of
ultrathin transparent conductive layers based on plasma-sintered silver
MOD inks. In addition, low-resistance opaque electrodes were fabricated
using the same process and analyzed for the sake of comparison.

Both transparent and low-resistance films exhibit naturally occurring
nanoporous microstructure. Transparent films consist of 2D percolated
network of silver ligaments (either homogeneous or in the form of
dendritic colonies) with porosity of about 30%, leading to a favorable
combination of optical transparency (over 80%) and sheet resistance (26
Q sq’). The low-resistance films have surface porosity of about 9% and
typical ligament sizes of about 100 nm resulting in sheet resistance of 0.8
Q sq'l.

When subjected to tensile mechanical load, the resistance of both
ultrathin and thicker low-resistance films start to grow when reaching
the strain values of about 0.5%. Such a low value can be explained by the
existence of numerous “weak links”, i.e. ligaments which are loosely
connected with each other after the curing process and rupture readily
during stretching. At the same time, as confirmed by in-situ SEM-DIC
analysis, random distribution of such weak ligaments leads to the ho-
mogeneous generation of nanocracks and zig-zag crack propagation
when higher strain (up to 10%) is applied. As a result, the cracks
mutually hinder propagation of each other, providing a basis for
extended stretchability and preventing the appearance of catastrophic
cracking and significant deterioration of electrical conductivity. Ultra-
thin transparent layers demonstrate exceptional stability during cyclic

1.354...... Iow-rlesistance, I1 % cyclic sltrain ' 7
low-resistance, 2% cyclic strain

1.30 s transparent, 1% cyclic strain 1
transparent, 2% cyclic strain

1.254

1.20 4
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Fig. 6. Evolution of electrical resistance during cyclic loading. The overview for 10,000 cycles is shown in (a); enlarged view demonstrating the fine structure of the
resistance signal for the first 10 cycles is depicted in (b). Both low-resistance and transparent samples were tested at cyclic strains of 1% and 2% (see legend).
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loading conditions. Although marginal resistance growth occurs during
the initial few cycles, even the cyclic strain of 2% does not induce a
significant electrical degradation after 10,000 cycles. At the same time,
the nanoporosity of the electrode might require additional specially
designed reliability tests to prove, for example, resistance against me-
chanical wear or stability against local delamination of the ligaments.

In general, better understanding of the relationships between the
film morphology and film performance (in terms of optical trans-
parency, conductivity, and mechanical stability) is required to enable
knowledge-based optimization routines for single-layer ultrathin trans-
parent electrodes based on MOD inks.
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