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Abstract: Copper nanowires (CuNWs) have increasingly become subjected to academic and industrial
research, which is attributed to their good performance as a transparent electrode (TE) material
that competes with the one of indium tin oxide (ITO). Recently, an environmentally friendly and
aqueous synthesis of CuUNWs was demonstrated, without the use of hydrazine that is known for its
unfavorable properties. In this work, we extend the current knowledge for the aqueous synthesis
of CuNWs by studying their up-scaling potential. This potential is an important aspect for the
commercialization and further development of CuNW-based devices. Due to the scalability and
homogeneity of the deposition process, spray coating was selected to produce films with a low sheet
resistance of 7.6 ()/sq. and an optical transmittance of 77%, at a wavelength of 550 nm. Further,
we present a comprehensive investigation of the degradation of CuNWs when subjected to different
environmental stresses such as the exposure to ambient air, elevated temperatures, high electrical
currents, moisture or ultraviolet (UV) light. For the oxidation process, a model is derived to describe
the dependence of the breakdown time with the temperature and the initial resistance. Finally,
polymer coatings made of polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA),
as well as oxide coatings composed of electron beam evaporated silicon dioxide (SiO,) and aluminum
oxide (Al,O3) are tested to hinder the oxidation of the CuNW films under current flow.

Keywords: copper nanowires; CuNWs; degradation; encapsulation; PDMS; PMMA; solution-based;
transparent electrode

1. Introduction

Transparent electrodes (TEs) are commonly fabricated by materials such as carbon nanotubes
(CNTs) [1], poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT:PSS) [2], graphene [3],
graphene oxide [4], indium tin oxide (ITO) [5] and metal nanowires (MNWs) such as silver nanowires
(AgNWs) [6] and copper nanowires (CuNWs) [7]. Hybrid systems composed of a combination of
these materials such as CuNWs/graphene oxide [8], AgNWs/PEDOT:PSS [9] and AgNWs/CNTs [10]
were also employed for TEs. Recently, transparent metal meshes have attracted some research interest,
which is attributed to their low resistance. These meshes are made of (i) printed and electroplated
silver and nickel electrodes [11], (ii) transfer printed copper grids [12] as well as (iii) copper electrodes
with a micromesh structure that is patterned using ultraviolet (UV) lithography and wet etching [13].

Due to their high electro-optical performance [14], ease-of-processing in great quantities [15,16]
as well as facile large-area deposition techniques at ambient conditions such as spray-coating [17],
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AgNWs and CuNWs are increasingly considered as next generation transparent electrodes that are
able to compete with ITO [18]. It should be noted that for metal nanowires, AgNWs are the major
competitor for CuNWs. Both types of metal nanowires have advantages and disadvantages. On the
one hand, AgNWs possess the advantage of a high chemical robustness [19]. Further, there are rapid
and recent advancements in the number and the relevance of the applications for AgNWs [20-23]
as well as the improvement of the film stability [24-26], whereas CuNWs readily oxidize above
a temperature of 150 °C [27], under ambient conditions. On the other hand, CuNWs are grown
from low-cost copper-containing precursor salts. The extremely high abundance of copper on earth
compared to silver leads to a copper price that is lowered by around a factor of 80 compared to the
price for silver [28-30].

Applications for the aforementioned TE materials cover a broad spectrum that ranges
from transparent heaters [31], thermoacoustic speakers [32,33], solar cells [34], microlenses [35],
transparent antennas [36], photodiodes [37], touch panels [38] and organic light-emitting diodes
(OLEDs) [1] to electromagnetic interference shieldings [39], as well as piezo- [40] and pyroelectric [41]
energy conversion.

The first solution-based synthesis of CuNWs was reported by Chang et al. in 2005 [42].
In their work, copper(ll) nitrate Cu(NOs), was utilized as the copper-containing precursor,
ethylenediamine (EDA) as the capping agent and hydrazine (N,Hj;) was used as a reducing agent
for the copper nitrate and the solvent. Since then, numerous studies that are summarized in
References [27,43] have been published. A significant advancement towards an environmentally
friendly synthesis has been achieved by Hwang et al. in 2016, where DI water instead of hydrazine
was employed as the solvent [44]. The synthesis of the CuNWs in this contribution is based on the
protocol of Hwang et al. that we recently tailored with regard to the material ratios, the process time
and the process temperature, as well as the addition of alcoholic co-solvents [27]. For our synthesis,
copper(Il) chloride dihydrate (CuCl,-2H,0), was used as the precursor material and L-Ascorbic acid
(AA) was used as an environmentally friendly and mild reducing agent. Oleylamine (OM) served as
the capping agent and DI water was utilized as the solvent. The self-seeding process requires neutral
Cu” atoms, which are provided by the oxidation of AA to dehydroascorbic acid that goes along with
the reduction of Cu**-ions to Cu’-atoms. As sketched in Figure la that depicts a schematic for a
single CuNW growth, OM has an increased adsorption rate for the (100) plane compared to the (111)
plane [45]. This higher adsorption rate leads to the passivation of the wire shell and in turn, allows for
the uniaxial wire growth along the (111) plane [44]. In agreement with the literature [15,44,46],
the resulting CuNWs have a face-centered cubic (fcc) structure and a pentagonal cross-section [47,48],
as shown in the high-resolution field-emission scanning electron microscope (FESEM) image of a single
CuNW in Figure 1b.

Figure 1. (a) Schematic for the growth of a single copper nanowire (CuNW) along the (111)-plane.
The blue and orange spheres indicate oleylamine (OM) head groups and copper atoms, respectively.
(b) High-resolution field-emission scanning electron microscope (FESEM)-image for a single copper
nanowire with the characteristic pentagonal shaped cross-section.
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It can be concluded that the growth mechanism of CuNWs is well understood and the aqueous
synthesis protocol is tailored to an extent that allows producing TEs with properties comparable
to the ones of AgNWs and ITO. However, for the commercialization of CuNWs, their up-scaling
potential, that has not yet been studied for the aqueous synthesis, is crucial. Thus, in this work,
we investigate the effect of the precursor-to-solvent mass ratio on the wire growth. A large drawback
of CuNWs that cannot be omitted is their gradual oxidation at ambient conditions, which is readily
increased for temperatures above 100 °C [49]. As tested by a few groups with success, this oxidation
can be slowed by encapsulating the CuNWs with following approaches: (i) applying polymer
coatings composed of polydimethylsiloxane (PDMS) [49], polymethylmethacrylate (PMMA) [49],
PEDOT:PSS [50], and polyurethane acrylate resin [51] (ii) atmospheric pressure spatial atomic layer
deposition (AP-SALD) of aluminum oxide (Al,O3) and (iii) the electrodeposition of zinc, tin and indium
shells onto the nanowires, followed by their oxidation [30]. Besides encapsulation, there are also works
that report on the laser-induced nanowelding of CuNWs [52] and even the photothermochemical
reduction [53,54] of oxidized and non-conductive CuNW networks to highly conductive ones. Both the
nanowelding of CuNW junctions and the laser-induced reduction of CuNWs improved the oxidation
robustness of the films. However, to this day, a comprehensive study for the degradation of
CuNWs with regards to various environmental stresses and a model for the oxidation mechanism are
still missing.

Therefore, in this work, we report on a rigorous degradation study for CuNW films that are
subjected to ambient air, elevated temperatures, high electrical currents, moisture, and UV light.
A purposely developed and novel model that describes the time- and temperature- dependent
formation of an oxide is presented. Encapsulations made of polymers or ebeam evaporated oxides
are deposited to the CuNW films to increase their lifetime. Further, to the best of our knowledge,
the scaling potential of the presented aqueous synthesis of CuNWs is for the first time studied by
varying the precursor-to-solvent ratio. This study aids in assessing the scaling and in turn also the
commercialization potential of the presented synthesis protocol.

2. Materials and Methods

2.1. Synthesis of Copper Nanowires

The protocol for the aqueous synthesis of CuNWs was adapted from one of our previous
publications [27]. For a standard synthesis, 300 mg copper(Il) chloride dihydrate (CuCl,-2H,0)
(Sigma-Aldrich, St. Louis, MO, USA, C3279) were immersed in 25 g deionized (DI) water and bath
sonicated for a duration of 5 min. Then, 900 mg oleylamine (Sigma-Aldrich, St. Louis, MO, USA,
07805) was added and the solution was horn sonicated for 90 s at a power of 200 W, using an
S-450 Digital Sonifier® from Branson Ultrasonics Corporation (St. Louis, MO, USA). Subsequently,
300 mg L-Ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA, A92902) dissolved in 5 g DI water
was added. The solution was then allowed to age for 12 h in a silicone oil bath at a calibrated
temperature of 79 °C. All the reagents were processed without further purification. For the study of
the precursor-to-solvent weight ratio, the content of DI water was kept constant and the remaining
materials were changed accordingly.

2.2. Synthesis Analysis

Scanning electron microscope (SEM)-images were recorded with an NVision40 FESEM from Carl
Zeiss (Oberkochen, Germany) at an acceleration voltage of 7 kV, an extraction voltage of 5 kV and
a working distance of 5-6 mm, which was optimized to achieve the best image quality. The wire
lengths were evaluated manually using the software Gwyddion (v2.48). For an automated evaluation,
Diameter] (v1.018), a plugin invented for Image] (v1.51j8), was utilized. More details on this method
are reported elsewhere [28].
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2.3. Spray Ink Preparation and Deposition

The as-synthesized solution was allowed to cool down to room temperature. The top solution was
decanted and the CuNW-containing precipitate was rinsed with isopropyl alcohol (IPA). To remove
the OM and eventually a thin oxide shell that has formed after the synthesis, the CuNW precipitate
was immersed with 5 wt% propionic acid (Sigma Aldrich, St. Louis, MO, USA, P5561) in 30 g IPA
and allowed to react for 5 min. After centrifugation at a speed of 1.75 krpm for a duration of 5 min,
the precipitate was immersed in 30 g IPA and sonicated for 20 min in an USC300TH bath sonicator
from VWR International (Radnor, PA, USA), at frequency and power of 45 kHz and 80 W, respectively,
to improve the dispersion of the CuNWSs. As observed in a previous publication, bath sonication
with the parameters above for a duration below 30 min does not lead to cracks or deformations of the
wires [27]. For the spray deposition, a commercial and handheld airbrush (Triplex I F from Gabbert,
Leipzig, Germany) with an orifice of 150 um was utilized and operated with pressurized nitrogen
(1.5 bar). To increase the evaporation of the solvent, the samples were placed on a Thermofisher RT2 hot
plate and heated to a temperature of 70 °C. In a glovebox, under nitrogen atmosphere, all CuNW films
were subjected to a thermal sintering treatment at a temperature of 200 °C for a duration of 30 min.

2.4. Electro-Optical Characterization

The transmittance spectra were recorded in the visible range using a 300 W xenon arc lamp,
chopped at a frequency of 210 Hz. The light passes through an Oriel Cornerstone 260 ; monochromator
and a silicon-based photodiode with a transconductance amplifier that is connected to a 70105 Oriel
Merlin digital lock-in amplifier. The calibration of the photodiode was performed with a glass substrate
to determine the pure transmission of the CuNW films. The sheet resistances were measured using
a four-point probe head from Jandel (Linslade, UK) connected to a B2901A Keysight (Santa Rosa,
CA, USA) source measuring unit (SMU). A constant current of 1 mA was sourced for all measurements.

2.5. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed at a base pressure
of 5 x 10710 mbar using monochromatic Ky radiation from an aluminium anode that is operated
at an electrical input power of 350 W. The spectra were acquired using a SPECS Phoibos hemispherical
analyzer at a pass-energy of 30 eV with an energy resolution of 0.05 eV. The raw data were processed
using the software CasaXPS from Casa Software Ltd. (Teignmouth, UK). The backgrounds of the
spectra were removed by Shirley background subtraction [55].

2.6. Degradation Tests

The CuNW films were sprayed to a glass substrate with the dimensions of 5.0 x 5.0 cm? and a
thickness of 1.45 mm, in accordance with the process described in Section 2.3 and as reported in a
previous work [27]. The films were contacted using commercial copper tape and conductive silver
paint RS Pro from RS components (article number: 186-3600, Corby, UK) with a silver content of
50-75%, which resulted in an active CuNW area of 3.5 x 5.0 cm? = 17.5 cm?.

2.6.1. Ambient Air

The degradation tests in the ambient air were performed in an air-conditioned lab environment at
a temperature and a relative humidity of around 22 °C and 40%RH (=relative humidity), respectively.
The samples were shielded from the light to exclude a light-induced degradation that is studied in
Section 3.2.5.

2.6.2. Elevated Temperatures

For the degradation with regard to elevated temperatures, the samples were placed on an RT2 hot
plate from Thermofisher, under ambient conditions, and heated from room temperature to the desired
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annealing temperature. The resistance-time curves were tracked in time steps of 1 s using a Keithley
2200-30-5 power supply operated at a small probe current of 5 mA that was sourced to all devices.

2.6.3. Electrical Current

The CuNW films were driven at an electrical and constant DC power of 6 W using a programmable
power supply 2200-30-5 from Keithley (Cleveland, OH, USA). To keep the power at a constant level
for increasing resistances, a LabVIEW (v2017) program was developed to adjust the sourced current
accordingly, after each time step.

2.6.4. Moisture

The CuNW films were placed in a climatic chamber VCL 4006 from Votsch Industrietechnik
GmbH (Balingen, Germany) and the relative humidity was either set to a low value of 20%RH or a
high value of 90%RH. For all measurements, the temperature was kept at a constant value of 60 °C
and DI water with a resistivity of 18.2 M()-cm was utilized. In accordance with Sections 2.6.2 and 2.6.3,
the resistance-time data was recorded using a programmable power supply, which was operated with
a probe current of 5 mA.

2.6.5. UV-Light

UV light illumination of the CuNW films was performed using the illuminator box 1S from
Gie-Tec GmbH (Eiterfeld, Germany) equipped with four special fluorescent tubes with a total electrical
power consumption of 32 W. According to the manufacturer, the tubes emit in a wavelength range of
350 to 400 nm. The 2probe resistances of the films were measured over a duration of 1 month using a
standard handheld multimeter VC830 from Voltcraft (Wollerau, Germany).

3. Results

3.1. Synthesis of Copper Nanowires

In our previous work, we have tailored the aqueous synthesis of CuNWs [27]. As the next
important step that aids to assess the commercialization potential of our synthesis, we report
on an up-scaling study for the aforementioned aqueous synthesis of CuNWs. For this,
the precursor-to-solvent ratio is varied by around a factor of 10 and the resulting growth product
is analyzed with regard to the quality of the dispersion and the nanowire diameters. A low mean
diameter for the nanowires is a commonly accepted criterion for a high quality of the synthesis
since it is usually accompanied by a high aspect ratio, i.e., length-to-diameter ratio, and a low haze
value [56,57]. The SEM-images for the precursor-to-solvent series are depicted in Figure 2 for different
mass ratios (precursor:solvent) of (a) 1:300, (b) 1:100, (c) 1:50 and (d) 1:33. Along with the precursor
weight, the weights of OM and AA were adjusted accordingly. From the SEM-images in Figure 2c,d
for the large precursor contents, following effects can be seen: (i) For the highest ratio of 1:33, the wire
morphology is visibly degraded; (ii) the diameters are increased compared to the ones shown in the
SEM-images for the lower precursor concentrations in (a) and (b); and (iii) the CuNWs tend to form
clusters. After the analysis of the described aqueous CuNW synthesis, a mean diameter of 134 nm
+ 4 nm and a mean length of 40 um + 21 um could be obtained for the wires shown in Figure 2b.
Employing the method outlined in Section 2.2 and in previous publications [28,29,58], the diameters
were analyzed quantitatively and in an automated way from SEM-images (see Appendix A, Figures Al
and A2 for the high-magnification SEM-images and the diameter histograms, respectively). The mean
diameters as a function of the precursor-to-solvent ratio are depicted in Figure 3.
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Figure 2. FESEM-images of CuNWs for the precursor-to-solvent series with different mass ratios
(precursor:solvent) of (a) 1:300, (b) 1:100, (c) 1:50 and (d) 1:33.

2251 o

200 - 1

Diameter [nm]
3
(&)}
T
1

-
4]
o
T
1

=y

N

(&}
T

_______ - _

100

1:300 1:100 1:50 1:33
precursor-to-solvent mass ratio
Figure 3. Mean diameters extracted using Diameter] from the FESEM-images illustrated in Figure A1 for
the precursor-to-solvent series with different mass ratios. The dashed line serves as a guide to the eye.

From Figure 3 it can be seen that the diameter decreases gradually with a reduction in the
precursor concentration from a mean diameter of 215 nm to 124 nm, for a ratio of 1:33 to 1:300,
respectively. We believe that there is a critical pre-cursor-to-solvent ratio of around 1:100. Below this
ratio, well-defined nanowires with a small diameter grow since the formation of copper-oleylamine
micelles is stable. Above a ratio of 1:100, the micelles are not stable enough since the concentrations for
copper-oleylamine complexes and subsequently their interaction has increased. Similar to the case
of adding alcoholic co-solvents, as previously reported [27,44], the interaction of micelles can lead to
their rupture [59,60], which has a negative effect on the uniaxial wire growth since adsorption rates on
the (100) and (111) planes are different. In summary, it can be concluded that a range of 10 is sufficient
to study the up-scaling potential of the presented synthesis for the following reasons. For a large ratio
of 1:33, the wire morphology is clearly degraded, whereas for a low ratio of 1:300, the reduction in
diameter is low and already implies a saturation behavior, as can be seen from Figure 3.
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3.2. Degradation of Copper Nanowires

Up to date, there are only a few studies that report on the degradation of CuNWs. So far,
in agreement with the literature, the following stresses have been applied to the CuNW films: exposure
to (i) sunlight [61], (ii) elevated temperatures [61], (iii) humidity [61] and (iv) electrical current [49,61].
Nevertheless, a comprehensive study that addresses the major stresses for the chemically-induced
degradation of CuNWs is still missing. In the following, the degradation of CuNW films will be
studied with regard to (i) exposure to ambient air at ambient temperature, (ii) exposure to elevated
temperatures, (iii) prolonged electrical current flow, (iv) different moisture levels and (v) UV-visible
light exposure. In Section 3.2.6, for the first time, a model for the temperature-induced oxidation of
CuNWs is presented. This model describes the oxide formation on the nanowire shell and relates the
breakdown time of the films to the annealing temperature and the initial resistance of the nanowire
networks. Further, X-ray photoelectron spectroscopy (XPS) spectra that allow for resolving the chemical
alterations induced by the environmental stresses are discussed.

3.2.1. Ambient Air

A long-term stability test under ambient atmosphere was performed for CuNW films with
different initial resistance. Prior to this test and in accordance with Section 2.3, the as-synthesized and
spray-deposited CuNW-films were subjected to thermal annealing at a temperature of 200 °C for a
duration of 30 min, under a nitrogen atmosphere. It should be noted that this post-deposition treatment
was applied for all CuNW films to lower their resistances uniformly across the film and to form a good
mechanical and electrical contact at the wire-to-wire junctions, which can aid to improve the robustness
of the films. The normalized increase in resistance R/ R for CuNW films with different transmittances
that are exposed to the ambient air is depicted in Figure 4a, over a duration of 25 days. R denotes the
resistance value of the CuNW films at ambient conditions, before the different degradation tests are
performed. The black squares indicate the data for a CuNW-film with a transmittance of around 85%,
whereas the red spheres represent the data for a CuNW film with a transmittance of around 81%.
It can be recognized that the film with a high transmittance has almost turned non-conductive after
25 days, whereas the resistance of the film with a low transmittance has increased by only a factor
of six. The increase in resistance is attributed to the surface oxidation of the CuNWs [27], which can
be recognized by the formation of metal oxide nanoparticles CuNW shell. The formation of metal
oxide nanoparticles has also been observed below for the degradation with regard to electrical current
and humidity (see Figure A4). This effect is illustrated in Figure 4b that shows the FESEM-image
for CuNWs, which were exposed to the ambient atmosphere for more than 25 days. The fact that
the film with a lower transmittance and in turn a lower initial resistance shows a reduced change in
resistance over time can be understood as follows: The reduced resistance is connected with a higher
wire density, which increases the probability that highly conductive paths composed of thick wires and
low junction resistances are established. Since the thick wires are more resilient to oxidation, the total
resistance of the film is more stable when exposed to the ambient atmosphere or a harsh environment.
This behavior is in agreement with the previously published work on random percolating networks
from Manning et al. [62], who observed the presence of so called Winner Takes it All (WTA) pathways.
These WTA pathways are percolating paths with resistances that are significantly lowered compared
to other paths and thus carry the major portion of the current. In their study, the lowered resistance
was attributed to a lowered junction resistance, whereas for our study, we believe that the lowered
resistance stems from the lowered junction resistance and pathways composed of thicker wires.
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Figure 4. (a) Normalized increase in resistance R/Rg of two CuNW films with different transmittances

exposed to ambient conditions as a function of the time; (b) FESEM-image of CuNWs exposed to

ambient conditions for more than 25 days.

3.2.2. Elevated Temperatures

In this section, the degradation of CuNW films that are subjected to elevated temperatures in
a range of 100-200 °C are studied. For this, the films on a glass substrate are placed on a hot plate,
under ambient conditions. The films are subsequently heated to various temperatures and their change
in resistance with regard to the initial resistance at room temperature is tracked over time, as shown in
Figure 5a. To quantify the breakdown behavior, a breakdown time tpp is introduced and plotted in
Figure 5b as a function of the temperatures. tgp is defined as the time when the resistance of the CuUNw
films has doubled with respect to the initial value. For the higher temperatures, i.e., for 150, 175 and
200 °C, it can be concluded that the increase in resistance goes along with an increase in temperature.
However, the change in resistance for the lower temperatures, i.e., for 100 and 125 °C, does not follow
the aforementioned trend. This counter-intuitive behavior can be explained by considering the initial
resistances of the films. On a qualitative level, it can be argued that a CuNW film with a lowered initial
resistance shows a high wire density and thus the effect of chemical degradation induced by oxidation
of the nanowire shell seems to be less. Instead, the higher number of junctions lead to a reduced
influence of each junction on the complete film behavior on a denser film. To better understand this
phenomenon, a model that describes the oxidation of CuNWs and captures the breakdown time,
the annealing temperature, and the initial resistance of the films is derived in Section 3.2.6.
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10° . . . . . .
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Figure 5. (a) Normalized increase in resistance R/R over time for different temperatures. The CuNW
films were placed on a hot plate in ambient air; (b) Breakdown time tgp as a function of the
annealing temperature.
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3.2.3. Electrical Current

The degradation of CuNW thin films under current flow will be presented in the following.
A photograph for a typical CuNW electrode under test is illustrated in Figure 6a.

a b)y—s55.2w [ c Ch 5W
( ) ( ) 330,3W ( ) \ \\ v 6W,
25—360Q,4W 12 \\ \\ e 7W
——3.00Q,55W \
10 A
——320,6W 91 \ % iy
20309, 7W G, \\ X
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: N \\\ \
4+ ~ @ \\\\\\ 4
L] (. re————— : RS AL
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Time [s] Time-to-failure [s]

Figure 6. (a) Photo of a CuNW film spray-deposited to a glass substrate and electrically contacted on
each side by copper tape and conductive silver ink; (b) Normalized resistance R/ Ry as a function of
time for CuNW heaters that show resistances in a range of 3.0 () to 5.5 (2 and were subjected to an
electrical input power ranging from 2 W to 9 W; (c) Ry as a function of the time-to-failure for CuUNW
heaters that are subjected to powers of 5 W, 6 W and 7 W, where the ellipses indicate the regions of
time-to-failure for same power values.

For this degradation study, a LabVIEW program was purposely developed to source a constant
power in a range of 2 W to 9 W over an effectively heated area of 17.5 cm?, via programmable sources,
as described in Section 2.6.3. The normalized increase in resistance R/ Ry of the CuNW films is depicted
in Figure 6b. It can be recognized that up to a power of 4 W the heaters are relatively stable and can
be operated for more than 3 days (1 day = 0.86 x 10° s), without device failure. For higher powers,
i.e., for 5.5 W, the films show a rapid increase in resistance after a duration of around 8 h, which,
quickly results in a device failure. For the change in resistance behavior, three regimes can be identified:
(I) a fast increase in resistance in the first 5 min attributed to the temperature-induced change in
resistance, (II) a slow and gradual increase in resistance due to the gradual oxidation of the films
and finally (III) a fast electrical breakdown of the films that is accompanied by fragmentation for the
CuNWs, as discussed below. From the R/Rp-plots, a time-to-failure is defined as the time after which
the programmable power source applies the maximum programmable voltage of 30 V to maintain the
predefined input power. The time-to-failure for CuNW films is shown in Figure 6¢. The dotted ellipses
indicate the regions of time-to-failures for several initial resistances with the same applied power value.
Independent of the applied powers and the initial resistances, the CuNW films undergo a slow and
gradual oxidation followed by a rapid breakdown within around 10 s. This behavior is visualized in
Figure A5, that depicts the shifted (x-axis) R/Rq-time curves for CuNW films at the moment of the
breakdown. For the CuNW films it is evident that an increase in power or an increase in the initial
resistance leads to a faster degradation and in turn lowers the time-to-failure from almost 1 day for
(P1;Ro,1) = (5 W;4.5 Q)) to 7 min for (Py;Rp2) = (7 W;7 )). The increase in power leads to an increase in
temperature and in turn, enhances the oxidation and the fragmentation of the wires. A higher initial
resistance and in turn lower network density also reduces the chemical robustness of the films since
the probability of forming robust percolating paths with thick wires decreases with decreasing wire
density. In order to verify that the degradation is enhanced for lower network densities and in turn
higher initial resistances, as seen in Figure 6¢, a wire density has been extracted for all CuNW-films
from the microscope images shown in Figure 7 for (a) a low and (b) a high network density.
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Figure 7. Light microscope images for CuNW films with (a) a low and (b) a high wire density.
(c) Transmittance evaluated at a wavelength of 550 nm and wire density as a function of the room
temperature resistance. The wire densities corresponding to the images (a,b) are indicated by red
hollow symbols.

The transmittances of the films at a wavelength of 550 nm as well as their corresponding wire
densities are shown in Figure 7c as a function of the sheet resistance. The data points in Figure 7c
that are associated with the low and high network densities illustrated in Figure 7a,b, respectively,
are drawn as hollow symbols. In accordance with the expectation, the transmittance shows a decreasing
trend with decreasing initial resistance, whereas the wire density increases. The highest electro-optical
performance was achieved for a film with a sheet resistance of 7.6 (/sq. at a transmittance of 77%.
These values yield to a figure of merit (FoM = T'%/Rg) of 1000 x FoM = 9.6, which follows the
commonly accepted definition from Haacke [63]. This FoM compares well to the values reported for
metal nanowire-based TEs, which lie in the range of 1000 x FoM = 1-30 [14]. Next, two types of current
densities that are commonly used in the literature are calculated and allow a comparison with other
film heater and degradation studies. The total current I sourced to the network, the wire density n,
and the total area of the heater A are used to calculate the current density per nanowire, in agreement
with previous works [64]. By division with the cross-section area using the mean diameter of one
nanowire d, the current density j for each individual nanowire can be calculated as follows:

B I
B (n-A-n-%)

Depending on the wire density, for a sourced power of around 6 W, a mean current density
of around 1.5 to 2.75 MA /m? that is sourced to the wire cross sections in the network is calculated.
Another definition for the current density, denoted as jknaligh, was introduced by Khaligh et al.,
as follows [65]:

)

JKhaligh = % 2)
where I and A denote the total current and the effectively heated area, respectively. Following this
definition, the current densities calculate to around 10 to 100 mA /cm? for different initial resistance
values and sourced powers in the range of 4 W to 9 W. A CuNW-heater that has been subjected to
an electrical input power of 6 W until its breakdown, after around a duration of 17 h, is shown in
Figure 8a. It should be noted that we considered the current-temperature dependence of the films that
heat up due to Joule heating. For this reason, the current values of the heated films and not the ones at
room temperature were considered. At an electrical power of 4 W that leads to a temperature of the
film of around 100 °C, the resistance increases by a factor of around 1.25, which leads to a reduction in



Nanomaterials 2018, 8, 767 11 of 25

current of 10.5%. For this calculation, we assumed a temperature coefficient of 3.2 mK~! for CuNW
networks, which we determined in a previous work [27].

o
2x10° B
fo: m  trace 1
o | w
a‘{’ ; @ trace2] 29
10" |
B 5,
o L ".q
V B [ ]
@ "]
100 e T | | I |

0 5 10 15 20 25 30 35 40
x-position [mm]

Figure 8. (a) Photo for a CuNW heater with a sheet resistance of around 3.2 ()/sq. after electrical

breakdown. The heater was subjected to an electrical input power of 6 W for around 17 h;

(b) Microscope images for the CuNW film after an electrical breakdown at a position with >MQ

sheet resistance; (c-e) SEM-images for the CuUNW heater shown in (a,b) at a position with >M(Q) sheet

resistance; (f) Rg across the CuNW heater as a function of the measurement position, as indicated in (a).

The reddish and greyish areas in the degraded film are associated with slightly and heavily
oxidized CuNWs, respectively. The greyish appearance of oxidized CuNW films has already been
observed in other studies [27]. A microscope image that provides an insight into the greyish section of
the film is depicted in Figure 8b. Two main degradation mechanisms are clearly visible and further
supported by SEM-images: (c) fragmentation and (d,e) oxidation that goes along with the formation of
copper oxide nanoparticles, as observed in Figure 4b for the degradation under ambient air. To correlate
the color of the CuNW film with the degree of oxidation, the sheet resistances were measured across
the film, along the two measurement traces in x-direction that are indicated in Figure 8a (see Figure A3
for a photo of the four probe needle placement, which was aligned along the y-direction). At the
position of the maximum degradation, i.e., where fragmentation can be observed, the film turns
non-conductive, whereas in the remaining areas of the heater, the resistance changes from around 3 (2
in the vicinity of the contact leashes to around 20 (2 around the heavily oxidized part. The formation of a
crack during the failure of metal nanowire networks under current flow, as shown in Figure 8a, has also
been observed in a previous study for the case of AgNWs [66]. In this work, Sannicolo et al. [66]
showed that the electrical breakdown takes the form of a global or statistical phenomenon. Further,
the authors simulated the formation of a crack during the failure of the network, which propagates
parallel to the bias electrodes. These results indicate that a stable operation of the CuNW heaters
is possible for more than 3 days at an input power of around 4 W, which corresponds to a current
density with respect to the wire cross-section of 1.2 to 2.2 MA/m?. The temperature of the CUNW
film subjected to a power of 4 W corresponds to a temperature of around 100 °C, in agreement with
our previous works for CuNW-based heaters [27,28]. For higher input powers, the fragmentation and
oxidation of the CuNWs are readily enhanced.
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3.2.4. Moisture

For the degradation study of sprayed CuNW films with regard to elevated moisture levels,
the films are placed in a climatic chamber, at a constant temperature of 60 °C, and the relative moisture
is varied. The normalized increase in resistance R/ Ry is depicted in Figure 9 for two different moisture
levels of (a) 90%RH and (b) 20%RH.
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Figure 9. R/R plotted as a function of time for CuNW heaters with different R, that were subjected to
different moisture levels of (a) 90%RH and (b) 20%RH, at a temperature of 60 °C and for a duration of
24 h. (c) R/Ry as a function of Ry for the two moisture levels. The inset shows a photo for a CuNW film.

After a duration of 24 h, the resistances of the CuNW films subjected to a temperature of 60 °C
and a relative moisture of 90%RH increased up to around a factor of 2 and 4.5, respectively, for the
films with the lowest and the highest initial resistance. This result is in accordance with the expectation
that films with a lowered initial resistance are more robust to degradation, which reflects in a reduced
increase in resistance. Figure 9b shows R/R as a function of the time for CuNW films subjected to a
temperature of 60 °C and a humidity of 20%RH. In the beginning, the resistance of the CuNW rises fast,
attributed to the resistance-temperature dependence of copper. After the climatic chamber has reached
its target temperature of 60 °C, the films show a gradual increase in resistance of around 1 to 4%, for a
total duration of 24 h. Similar to the behavior of the high relative moisture of 90%RH, the films with a
higher initial resistance are more prone to degradation. For the films subjected to the high humidity
value, the formation of metal nanoparticles could be seen, as shown in Figure A4, and observed for
the case of the exposure to the ambient air (see Figure 4b) and electrical current (see Figure 8d,e).
The aforementioned results are summarized in Figure 9c that shows R/Rg as a function of the initial
resistance Ry for the two different relative moistures. It can be concluded that the degradation is
greatly enhanced for the high relative moisture of 90%RH, which leads to an increase in resistance that
is around a factor of 100 larger than for the low relative moisture of 20%RH.

3.2.5. UV Light

Since CuNWs are also intended to be integrated to touch panels or into aircraft and car windows,
their degradation during the exposure to ultraviolet-visible (UV-vis) light has to be investigated.
To study the UV-vis-light-induced degradation, CuNW films with comparable initial resistances and a
transmittance of around 70% were placed in a UV-vis box that is described in Section 2.6.5, under (i)
direct light exposure and (ii) shielded from the light by a thin aluminum plate. The normalized
resistances over time for CuNW films subjected to both aforementioned stresses are depicted in
Figure 10a. For a better separation of the degradation mechanism, the resistances for samples that are
subjected to the ambient air are also characterized and the results are plotted in Figure 10a. It should be
noted that, for each stress, the resistances of four different CuNW films that are exemplarily illustrated
in the inset in Figure 10b for the case of exposure to UV-vis-light, were considered. From Figure 10a
it can be seen that the increase in resistance is more pronounced for the films placed in the UV-vis
Box than for the ones placed in the ambient air. It should be noted that the CuNW films subjected
to the ambient air, as shown in Figure 10a, are more robust than the ones characterized in Figure 4a.
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The difference in the degree of degradation can be attributed to the different transmittance values of
the films, which were significantly lower for the UV-treated samples, i.e., around 70% compared to
the 80% and 85% for the films shown in Figure 4a. The increased degradation for the CuNW films
shielded from the light stems from an increased temperature in the box of around 60 °C, as measured
using a Pt100 thermoresistor. The increase in resistance of the CuNW films subjected to UV-vis light is
larger than the increase for the shielded samples, which indicates that UV-vis light, in fact, induces a
degradation for CuNWs, as previously reported [61]. In the literature, papers that report on the
UV-induced degradation of polymers [67,68] and silver nanoparticle [69] can be found. However,
so far, no study gives an explanation for this effect, for the case of CuNWs.
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Figure 10. (a) Normalized increase in resistance R/Rg over time for CuNW films with a transmittance
of 70% that were (i) subjected to ultraviolet-visible (UV-vis) light, (ii) shielded from UV-vis light and
(iii) exposed to the ambient air. Each symbol represents a mean resistance that was determined by
averaging over four different samples; (b) R/Rj over time for four different CuNW films that are
subjected to prolonged UV-vis exposure. The inset depicts the four CuNW samples that were subjected
to UV-vis exposure along with a labeling that is in accordance with normalized resistance curves.

We strongly believe that the degradation arises from free reactive oxygen species (ROS),
generated by longwave UV light (UVA) in the range of 320-400 nm, as reported by
Herrling et al. [70] and other groups [71]. A higher ROS concentration is accompanied by an increased
oxidation of the metal and subsequently a faster degradation of the CuNW films. An additional
degradation process can be induced by an increase in temperature. This increase in temperature can
be attributed to the generation of surface and bulk plasmon polaritons that are predominantly formed
by absorption of light in the UV-vis spectrum, below a wavelength of 500 nm [72,73].

3.2.6. Discussion and Modeling of the Temperature-Induced Oxidation

The degradation tests showed that the increase in resistance under ambient air is greatly increased
for higher temperatures. As reported in previous works, the degradation of CuNWs in ambient air
stems from the oxidation of the nanowire shell to copper oxide [49]. However, to date, there is no study
for CuNWs that discusses the formation of two oxide shells with a different chemical composition on
the CuNWs and presents a model for the time- and temperature-dependence of the oxide thickness,
which will be discussed below. Via X-ray photoelectron spectroscopy (XPS), the oxidation of the
CuNW films was studied in more detail, as shown in Figure 11, that depicts the high-resolution Cu
2p core-level spectra for CuNW films subjected to all the environmental stresses that were discussed
in this paper. For the as-deposited CuNW films, no oxygen-related contribution could be identified
from the Cu 2p peak, whereas for all other samples, a clear appearance of copper shake-up peaks that
are centered around a binding energy of 942 eV and 962 eV can be recognized. This appearance of
shake-up peaks along with a shift of the Cu 2p; /» and Cu 2p3,, peak to higher binding energies is a
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proof for the predominant formation of divalent copper species, i.e., CuO [74-76]. Further, a larger
shift of the peaks to higher binding energies indicates a higher degree of oxidation.
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Figure 11. X-ray photoelectron spectroscopy (XPS) spectra for CuNW film that were subjected to
different environmental stresses, under ambient air, i.e., (1) as-deposited, (2) exposure to ambient air
for 3 months, (3) subjected to a temperature of 200 °C for a duration of 30 min, (4) heated at a power of
6 W until breakdown, (5) subjected to a relative humidity of 90%RH, at a temperature of 60 °C, and (6)
UV-light exposure.

This oxidation of the CuNW film also becomes evident from its greyish appearance, as shown
in Figure 12 for the photos of (a) an as-deposited CuNW film and (b) a CuNW film subjected to a
temperature of 175 °C for a duration of 1 h. However, there is no study that reports on a model
or a quantitative description for the oxidation mechanism of CuNWs. As sketched in Figure 12c,
the corroded CulNW shell is known to consist of a thick inner shell of cuprous oxide (Cu,O) that, on the
outer face, reacts further to cupric oxide (CuO) [77,78]. The formation of CuO on the outermost shell
of the CuNWs, which is in agreement with the literature, is also in accordance with the XPS spectra
shown in Figure 11 that indicate that mostly CuO is present.

Cu,0
CuO

Figure 12. Photos for (a) an as-deposited CuNW film and (b) a CuNW film subjected to a temperature
of 175 °C for a duration of 1 h. (c¢) Schematic of an oxidized CuNW along with the parameters that are
used in the text to describe the oxidation mechanism.

The chemical reactions for the formation of Cuy;O and CuO are given in Equations (3) and (4).

4Cu + Oy — 2CuO 3)
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2Cu0 + Oy — 4CuO 4)

For the oxidation of thin copper films, which should have chemical properties similar to the ones of
CuNWs, it has been discovered that (i) the outer CuO layer with a thickness in the range of 10-50 nm is
much thinner than the Cu,0O layer; (ii) the growth of the copper oxide shell is mainly due to the growth
and expansion of the CuyO layer, and (iii) the growth mechanism is a diffusion-controlled process
that will be discussed in more detail in the following [79,80]. In the case of copper, the out-diffusion
of copper atoms and their subsequent reaction with oxygen dictates the oxidation process [81,82].
This mechanism is in contrast to the well-studied oxidation of silicon [83], where the diffusion of
oxygen occurs in the ambient air through the silicon. The driving force for the oxidation of copper is
grain-boundary-diffusion, which in turn depends on the size of the individual grains [38]. In agreement
with the literature, the temperature-dependent grain-boundary-diffusion constant is described using
the Arrhenius equation [84]:

D = Doexp(—E/kgT) (5)

where Dy denotes the pre-exponential factor of grain-boundary diffusion, E the activation energy, kg the
Boltzmann constant and T the temperature, respectively. Next, an expression for the time-dependent
oxide thickness dox(t) is derived. As a starting point, Fick’s law is employed to describe the diffusion
F4 of copper atoms, which is dictated by the concentration gradient of the copper atoms C; in the
non-oxidized and Cs the oxidized region of the CuNW, as sketched in Figure 12c:

Fy = D/dox(t)- (6)

After some math and physical assumptions that are described in more detail in Appendix C,
a parabolic rate law is derived for the time-dependent oxide thickness, as follows:

dox(t) = VBt (7)

where B denotes a reaction-specific constant, in accordance with the Deal-Grove model [83].
After deriving the parabolic law for the oxide thickness in Equation (7) and having in mind that
the diffusion of copper atoms is described by the Arrhenius law in Equation (5), a relation between
the breakdown-time tgp, as shown in Figure 5b, and the annealing temperature T can be derived.
For simplicity, it is assumed that the resistance of the different CuNW films Ry ; can be modeled by the
resistance of a metallic cylinder with the formula:

I
Ro;i = P 8)

where p denotes the bulk resistivity of copper and / and A denotes the length and the cross-section of
the conductor. It has to be noted that Equation (8) represents a drastic simplification for the modeling
of the film resistance and is only employed for a qualitative description of the oxidation process.
During the oxidation, the CuNW shell is consumed to copper oxide and the cross section that can
effectively contribute to the electrical percolation is reduced. Hence, a time-dependent resistance R(t)
that depends on the time-dependent oxide thickness dox(t) is given by:

R(t) = p:1/7(ro — dox(t))? ©)

where ry denotes the initial radius of the pristine nanowire, as sketched in Figure 12c. After plugging
Equation (7) in Equation (9) and substituting the reaction specific constant B with the Arrhenius
Equation (5) (see Appendix C for more details), an analytical dependence can be given for the
temperature-breakdown time dependence, as follows:

% - a.ln(,/b-Ro,i~tBD) . (10)
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where 4, b and c denote constants. To verify the validity of this equation for the degradation of CuNWs,
the annealing temperatures and breakdown times from Figure 5b were plotted in Figure 13. The graph
shows a clear linear dependence, which proves that the derived temperature dependence for the
breakdown time agrees well with our model.

6 7 8 9 10 11 12 13 14

IN(R, ;- tsp)

Figure 13. Temperature-breakdown time dependence for the data from Figure 5b. The solid line
represents a linear fit to the experimental data, in agreement with Equation (10).

The presented model can help to predict the breakdown of CuNW-based devices if the process
temperature and the initial film resistance are known.

3.3. Encapsulation of Copper Nanowires

Despite the high relevance of this aspect, there are only a very few studies that report on the
encapsulation of CuNW films [30,49,50], as highlighted in the introduction section. In this work, we test
various coating materials such as PDMS, PMMA and electron beam evaporated oxides as coating
materials. The aim of this study is to increase the lifetime of CuNW-based devices under current flow
or at elevated temperatures and to compare the effectiveness of a low-cost polymer-based coating with
an expensive ebeam evaporated oxide coating. The normalized increase R/ Ry as a function of the time
for CuNW films subjected to an electrical input power of 6 W is depicted in Figure 14 for the coating
materials (a) PDMS, (b) PMMA, and (c) SiO, and Al,Os3.

The resistance transient for an uncoated CuNW film is plotted in the graphs (a—c) and is denoted
as the reference. So far, PDMS has been used as a substrate material for CuNWs [85] but little is known
about its performance as an encapsulation material. In Figure 14 it can be seen that the PDMS coating
leads to a reduction in lifetime from around 17 h for the reference film to around 4-6 h for the films
coated with a thickness of either 4 or 22 um. On the one hand, this behavior can be attributed to the
high permeation rate of PDMS for gases in the ambient air [86]. On the other hand, since the reduction
in lifetime is drastic, the degradation could also be induced by a chemical interaction between the
PDMS and the CuNW film. From the R/R response of CuNW films coated with PMMA, it can be
concluded that a thin film with a thickness of 200 nm, applied by spin coating, has no significant effect
as an encapsulation material. For thicker films with a thickness of around 9 pm, the lifetimes of the
CuNW networks were 31 h and 44 h, respectively, which corresponds to an increase by 82% and 160%,
respectively, compared to the lifetime of the reference film. This result is in agreement with the work of
other groups who successfully tested PMMA as a coating material for CuNW films [49,61]. As the last
coating materials, electron beam evaporated SiO, and Al,O3 were, to the best of our knowledge, for the
first time tested in combination with CuNWs. From Figure 14c it can be seen that the oxide coatings
lead to a lifetime of 21 h, 34 h (both encapsulations are composed of 50 nm Al,O3 & 250 nm SiO,)
and 40 h (1000 nm SiO;), respectively, which corresponds to an increase in lifetime of 24%, 100% and
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135%, respectively, with regard to the reference sample. A combination of SiO, and Al,O3 was tested
since stacks composed of different oxide layers were reported to show a lowered gas permeability.
This effect is in accordance with the work from Dameron et al. [87] who found that the evaporation of
SiO, onto Al,O3 can heal out defects in the Al,Os film that could otherwise serve as diffusion sides for
the permeation of ambient gases.
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Figure 14. Normalized increase in resistance R/Ry as a function of the time for CuNW films coated
with (a) PDMS, (b) PMMA and (c) SiO, and Al,O3. The CuNW films were heated over an effective
area of 3.5 x 5 cm? by applying an electrical input power of 6 W.

4. Conclusions

In summary, we investigated the up-scaling potential of an aqueous synthesis of CuNWs,
and studied the degradation and the encapsulation of sprayed CuNW films. For the synthesis,
we have observed that the precursor-to-solvent weight ratio should be kept below 1:100 to allow
a stable micelle formation of the copper-oleylamine complex during growth and to improve the
dispersibility of the nanowires. To the best of our knowledge, our work is the first report on the
effect of the precursor-to-solvent ratio, which is an important factor for the upscaling potential of the
presented synthesis. For the commercialization of CuNWs, the upscaling potential is a key factor,
since there are various different applications requiring TEs such as heaters, touch panels, solar cells or
OLED:s. To substitute ITO in all mentioned devices, large amounts of CuNWs are needed. Further,
we rigorously studied the degradation mechanism for CuNWs, which will serve as a reference in future
to explain and predict the failure of CuNW-based devices in follow-up studies. For the CuNW film
degradation, we observed that chemical degradation via oxidation is the main degradation mechanism,
as observed in other studies. We believe that the UV-driven degradation of CuNWs, that has not yet
been understood in the literature stems from the UV-induced generation of ozone that leads to rapid
oxidation of the CuNWs. In addition to these degradation studies, a purposely-developed model was
presented to correlate the breakdown time of the CuNW film with the temperature and the initial
resistance of the films. The encapsulation of the CuNW films using polymers such as PDMS proved
to be difficult. In contrast to the expectation, the PDMS coating lowered the lifetime of the films,
whereas a positive trend could be observed for PMMA, in agreement with the literature, as well as
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for electron beam evaporated oxide coatings that have been tested for the first time. We found that
the maximum improvement in the lifetime is comparable for PMMA and ebeam evaporated oxides.
Therefore, for economic reasons, PMMA represents a promising coating material since it can be applied
at a large scale, under ambient conditions, and the material costs are also low. To further increase the
lifetime of CuNW-based devices, we propose to use a combination of two techniques that have already
been tested with success: The laser-induced nanowelding of CuNW junctions, followed by the sealing
of the film with a PMMA encapsulation.
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Appendix A Synthesis of CUNWs

Figure A1. High-resolution FESEM-images of CuNWs for the precursor-to-solvent series with different
mass ratios (precursor:solvent) of (a) 1:300, (b) 1:100, (c) 1:50 and (d) 1:33. The scale bar in (a) applies to
all images.
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Figure A2. Diameter histograms for the precursor-to-solvent series with different mass ratios
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Figure A3. Photo for the four-probe measurement across a CuNW film after electrical breakdown.
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Figure A4. SEM-images for a CuNW film subjected to a relative humidity and temperature of 90%RH
and 60 °C, for a duration of 24 h, under (a) a low and (b) a high magnification.
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Figure A5. Normalized increase in resistance R/ Ry over time for CuNW films with a different initial
resistance that were subjected to different electrical input powers. The x-axes for all films have been
shifted to allow comparing the breakdown regions of each device.

Appendix C Oxidation Model for CuNWs

The physical assumption applied during the derivation of the time dependence of the oxide
thickness is a variant of the so-called Deal-Grove Model. The underlying principle of the model
is the equality of the diffusion flux of copper atoms and the reaction rate of the oxidation process.
The diffusion flux F is described by Equation (A1), as follows:

D
Fi=—=(G—-G Al
d dox( t) ( S 1) ( )
where D denotes the diffusion constant, dox(t) the time-dependent oxide thickness and Cs and C;
the concentration of copper atoms in the copper oxide shell and in the pristine copper, respectively,
in agreement with the schematic for the oxidation of a single nanowire in Figure 12. The reaction-rate

F; is defined by Equation (2).

d
F = M'Edox(t) = ks G (A2)

where M is the oxygen density in the oxide layer and ks is the reaction-rate coefficient. Equations (A1)
and (A2) together yield to the differential expression for the oxide thickness of:

Cs
M-(l + %'dox(t))

d C;
Edox(t) = ks-]\—/} = ks- (A3)
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This differential equation can be solved under the assumption that dox(t) is much larger than
D /ks, which yields to the parabolic rate law that is also derived in the main text.

D'Cs
M

dox(t) = VB-t;B = 2 (A4)

In the following, the equation that relates the annealing temperature with the initial resistance
and the breakdown time, i.e., Equation (10) in the main text, is derived in more detail. In Equation (9),
the nanowire radius rg can be substituted by:

/| R
ro = 7T~p—% (A5)

where R, and L denote by the effective length and resistance of the nanowire network and p the
resistivity of copper, respectively. For the time-dependent oxide thickness do«(f) in Equation (9), the
parabolic rate law in Equation (A4) is utilized, which gives the following equation:

R _ ! (A6)

Ry 2
Ro (1 —4/ 711;—2 B t)
As described in Equation (A4) in the supporting information and Equation (5) in the main text,
the following expression is derived for B:

B=D-ef — |-L ezt (A7)
otpd
when the expression for B provided in Equation (A7) is plugged into Equation (A6), the equation for
the initial resistance-breakdown time dependence of the annealing temperature in Equation (10) in the
main text can be derived.
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