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Abstract:

Silver nanowire (AgNW) networks offer excellent electrical and optical properties and have
emerged as one of the most attractive alternatives to transparent conductive oxides to be used
in flexible optoelectronic applications. However, AgNW networks still suffer from chemical,
thermal and electrical instabilities which in some cases can hinder their efficient integration
as transparent electrodes in devices such as solar cells, transparent heaters, touch screens or
organic light emitting diodes (OLEDs). We have used atmospheric pressure spatial atomic
layer deposition (AP-SALD) to fabricate hybrid transparent electrode materials in which the
AgNW network is protected by a conformal thin zinc oxide layer. The choice of AP-SALD
allows to maintain the low-cost and scalable processing of AgNW based transparent
electrodes. The effects of the ZnO coating thickness on the physical properties of AgNW
networks are presented. The composite electrodes show a drastic enhancement of both
thermal and electrical stabilities. We found that bare AgNWs were stable only up to 300 °C
when subjected to thermal ramps while the ZnO coating improved stability up to 500 °C.
Similarly, ZnO coated AgNWs exhibited an increase of a 100 % in electrical stability with
respect to bare networks, withstanding up to 18 V. A simple physical model shows that the
origin of the stability improvement is the result of hindered silver atomic diffusion thanks to
the presence of the thin oxide layer and the quality of the interfaces of hybrid electrodes. The
effects of ZnO coating on both the network adhesion and optical transparency are also
discussed. Finally, we show that the AP-SALD ZnO-coated AgNW networks can be

effectively used as very stable transparent heaters.






Introduction

Transparent electrodes (TE) constitute a critical component within a wide range of devices
including smart windows, touch screens, solar cells, organic light emitting diodes (OLED) or
transparent heaters. Such electrodes need to be optically transparent and -electrically
conductive to a certain extent'” depending on the targeted application. While the main
transparent conductive materials studied for several decades have been transparent
conductive oxides (TCO), alternative emerging thin layers have been explored recently.’
Among them, metallic nanowire networks and specially those composed of silver nanowires
(AgNW) have attracted much attention in the past few years.*® By virtue of their excellent
electrical and optical properties (10-20 €/sq sheet resistance and about 90 % transmittance in
the visible range)*’ and their mechanical flexibility,” silver nanowire networks are considered
as promising candidates for flexible optoelectronic applications. Another clear advantage of
AgNW based TE is the possibility to establish simple large-scale fabrication through solution
processing'® and a lower price than indium tin oxide (ITO),"" which is so far considered as
the most standard and efficient transparent conducting oxide." It has even been shown that by
further optimizing the deposition and post-deposition conditions, and the aspect ratio
(length/diameter) of the nanowires, the resulting networks can surpass the electro-optical

properties of (ITO).” AgNW networks have been investigated or even efficiently integrated
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into devices such as transparent heaters, solar cells, touch screens,

electromagnetic shielding” or antennas,”* OLEDs,” in electrochromic devices,? for medical
purposes®’ as well electrically conductive textiles™.
Despite the attracting potentialities described here above, the integration of AgNW based

TE in real devices is not yet widely considered in industrial devices due namely to their

potential thermal®® and electrical®® instabilities, as well as low adhesion’ and aging issues.’'**

29,34 .

For instance, while an electrical welding® or thermal annealing is beneficial for reducing



junction resistance (between adjacent AgNWs) thanks to local sintering, it is also known that
reaching too high a temperature leads to spheroidization of the AgNWs. This causes the loss
of the percolating nature of the network, thus eventually leading to an infinite electrical
resistance.”’ Left unprotected, AgNW networks would undergo local oxidation and/or melt,
which adversely affect the conductivity of AgNW films. While the melting point of bulk
silver is above 960 °C, degradation induced by thermal annealing can occur at much lower
temperature (i.e. < 300 °C) due to the high surface-to-volume ratio in nanowires.’

The idea of preparing composite electrodes by coating metallic nanowires with a very thin
oxide layer has already been considered in literature' as a possible remedy to such

3537 as well as

instabilities. Some researchers have used titanium dioxide (TiO,) coatings
Zn0’** or aluminum doped zinc oxide (ZnO:Al).*' Clearly, the shell used has shown
encouraging results in terms of stability enhancement. However, in order for such composite
electrodes to remain attractive in terms of cost and simple processing, the oxide layer should
be deposited by low-cost, vacuum-free scalable approaches. The methods so far reported

39041 .
353941 can be associated to

(Atomic Layer Deposition (ALD), spin-coating or sputtering)
drawbacks such as the use of vacuum or the difficulty for upscaling, thus compromising the
intrinsic low-cost and scalability of AgNW based TE. Atmospheric Pressure Spatial Atomic
Layer Deposition (AP-SALD) is a promising recent approach to ALD that can operate at
atmospheric pressure, is easily scalable and up to two orders of magnitude faster than ALD.
*2 This is so thanks to the spatial separation of precursors in AP-SALD, which eliminates the
need for purges between successive precursor injections in conventional ALD.**™** AP-
SALD has already been used to deposit high-quality oxide films as passive and active
components for new generation solar cells and other devices.** The efficiency of AP-SALD

films to protect transparent heaters based on Cu nanowires from chemical oxidation has also

been shown recently.*



The present study focuses on the use of AP-SALD to deposit ZnO coatings on AgNWs
based TE, and the thorough investigation of the effects of the ZnO coating thickness on the
properties of AgNW networks in terms of electrical and thermal stabilities. We have used a
home-made AP-SALD system to fabricate ZnO-AgNW composite electrodes. We
demonstrate that AP-SALD is a suitable technique to deposit in a few minutes a conformal
compact oxide layer of a controlled thickness (up to 30 nm), which drastically improves the
thermal and electrical stability of the networks. We also introduce a simple model that allows
to explain the stability enhancement provided by the ZnO coating. The effects of ZnO coating
on both the network adhesion and optical transparency are also discussed. Finally, we show
that the AP-SALD ZnO-coated AgNW networks can be effectively used as very stable

transparent heaters.

Methods and experimental conditions

Deposition of AgNW networks:

AgNW suspensions in isopropanol were purchased from Seashell technology, USA. The
average length of AgNWs was 32 um while their average diameter was 130 nm. The as-
received suspensions, with initial concentration of 10 mg/ml, were diluted to various
concentrations and then deposited on Corning glass (C1737-S111) substrates using spin
coating at room temperature. The substrates were cleaned through a sonication in acetone,
then rinsed in isopropanol, then washed with distilled water and finally dried with N2 gas
before AgNW deposition. Deposition parameters (nanowires solution concentration, rotating
speed of the spin coater and dispensing rate) and post-deposition thermal annealing
parameters (temperature and duration) were optimized to obtain highly transparent (~90 %
transmittance) and highly conductive (~10 €/sq sheet resistance) AgNW networks. The best

electro-optical properties of AgNW networks were obtained by spin-coating 1 ml of



suspension (0.5 mg/ml, in two stages of 0.5 ml each with a 20 s pause between them,
allowing the surface to dry) over 2.5 cm x 2.5 cm corning glass substrates at ambient
atmospheric conditions using a spin-coater with rotation of 1500 rpm. The optimal post-
deposition thermal annealing (250 °C for 30 minutes) step is necessary to desorb the organic
residues and to decrease the electrical resistance of the junctions between adjacent AgNWs.?

A second set of samples was deposited for performing isothermal annealing tests and to test
the electrical stability using different voltage ramps. In this case, the diameter of NWs was
around 90 nm and the lengths could vary from 10 to 20 um. The initial suspension was
diluted to 0.2g/L prior to deposition. An airbrush infinity CR was used to spay NWs on
corning glass substrates. During deposition, a N, flow at 3 bar was used, and the airbrush
scanned the substrate in the X-Y direction for 15 cycles. The substrates were kept at 90 °C
during the deposition. The as-deposited samples were annealed at 230 °C for 1 h to minimize

the electrical resistance and ensure intimate junction between adjacent AgNWs.

Deposition of ZnQO coatings

The ZnO coatings were deposited using a home-made AP-SALD system previously
reported.***”** The deposition parameters were optimized and then ZnO growth was carried
out at 200 °C, using diethylzinc ((C,Hs),Zn; DEZ) and water vapor as precursors for zinc and
oxygen, respectively. The samples were placed at a distance of 200 pm under the injection
head oscillating at 10 cm/s. In our deposition head, there are two channels for the metal
precursor. Thus, each sample oscillation (forth and back) corresponds to four ALD cycles.*’

The system allows to deposit over an area of 5 cm x 5 cm.



Morphological and optical characterization

Optical characterization of the AgNW networks was performed with a Perkin Elmer
Lambda 950 UV-Visible-Near IR spectrophotometer equipped with an integrating sphere,
which allows measuring the total optical transmittance/reflection. Such measurements were
performed in two different locations for each sample and then averaged.

Optical microscopy images of the AgNW networks were obtained with a Leica DM LM
microscope. Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) images were obtained using, respectively, a FEG-SEM Environmental FEI QUANTA
250 operating at an accelerating voltage of 10 keV and a JEOL JEM-2010 microscope
operating at 200 keV. The sample preparation for TEM imaging was performed using the

crushing technique.

Thermal and electrical stability studies

The stability of AgN'W networks was assessed through in situ measurement of the network
electrical resistance during either thermal or voltage ramps by using a two-probe setup with a
Keithley 2400 sourcemeter. Thermal stability was studied by subjecting the AgNW networks
to thermal ramps from room temperature to 500 °C at a rate of 2 °C/min. Isothermal test at
320 °C for 1 hour w also performed.

The electrical stability of the networks was measured in two ways. In the first constant
voltage ramp at a rate of 0.1 volt/min, were applied up to specimen failure (i.e. when the
electrical resistance diverged) to samples coated with different ZnO thicknesses (the
networks used were fabricated using the AgNWs with an average diameter of 130 nm). In
the second, equivalent networks made using the AgNWs with average diameter of 90 nm
where coated with 25 nm of ZnO and different voltage ramps were applied, namely, 0.05,

0.075 and 0.1 volt/min.
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To assess the use of these AgNW networks as transparent heater, different voltages were
applied while the temperature of the samples was measured in situ using a thin resistance
temperature detector (RTD) embedded in a 120 um thick PET layer, therefore limiting
thermal inertia. The RTD was placed in thermal contact with the sample, below the substrate

(details on the setup have been reported previously.’™°

Results and Discussion

ZnO coating of AgNW network with AP-SALD and effect on adhesion and

transparence

A SEM image of the bare AgNWs annealed at 250 °C for 30 minutes is shown in Figure la,
where effective sintering of the wires at the junctions is clearly visible. A coated AgNW
network with a 30 nm thick ZnO coating deposited with AP-SALD is shown in the SEM
image in Figure 1b. The distinct morphology of the ZnO coating can be observed both on the
nanowires and the glass surface. As shown in the figures, the surface of the bare nanowires
appears smooth while that of ZnO-coated AgNWs show the typical granular morphology of

ZnO coatings deposited by AP-SALD."’
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Figure 1. (a) Scanning electron microscopy (SEM) image of the AgNW network deposited
by spin coating and annealed at 250 °C for 30 minutes to sinter the junctions, (b) SEM image
of AgNW networks coated with 30 nm of ZnO (obtained with 60 sample oscillations). (c)
Transmission electron microscopy (TEM) image of a 30 nm thick ZnO coated AgNW, (d)
Back scattered SEM image of a coated AgNW (allowing to highlight the elemental contrast)
showing the usual fivefold symmetry twinning of AgNWs surrounded by a uniform 30 nm

thick ZnO layer.

A transmission electron microscopy (TEM) image of a 30 nm coating of ZnO on a AgNW
is shown in Figure 1c. Such coating appears very conformal: this point is crucial since this is
a prerequisite for an efficient protection against any instability. As in ALD, in AP-SALD the
ZnO layer thickness is proportional to the number of AP-SALD cycles, i.e. sample
oscillations under the head. The growth rate » was thus estimated from the thickness
measured for the thicker ZnO layer deposited on AgNWs divided by the number of AP-

SALD oscillations. As reported in Figure 1c, a ZnO thickness of 30 nm is observed for 60
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AP-SALD cycles. The growth rate was thus ~ 0.50 nm/oscillation (as stated above, in our
AP-SALD system a sample oscillation is equivalent to 4 conventional ALD cycles*’, thus
yielding a growth per cycle (GPC) of about 1.25 A/ALD cycle). Figure 1d shows a back
scattered SEM image of a ZnO coated AgNW which enables to highlight the elemental
contrast: the usual fivefold symmetry twinning of AgNWs’ is well seen, as well as the
surrounding uniform ZnO layer. Again the conformal and continuous aspect of the coating
appears in a very clear way in this image.

Before focusing on the effects of ZnO coating on electrical and thermal stability of AgNW
networks, we first consider the effects on both the network adhesion and optical transparency.

It is known that low adhesion of AgNW networks to the substrate can be one of the
drawbacks of these materials when used as TE’: even a gentle rub can remove nanowires
from the substrate. The influence of the AP-SALD ZnO coating on the adherence of AgNW
network on the glass substrate was thus investigated. To do so a scotch tape test was applied
to both the bare and the coated networks to qualitatively compare their adhesion strength to
the substrates. Figure 2a and 2b show the optical microscope images of the bare and the ZnO
coated AgNWs networks at the edge of the locations where the tape was applied. The upper
parts in the figures correspond to the areas in which the scotch tape test was applied, while
the lower parts correspond to areas outside the tested zone. Figure 2a corresponds to the bare
AgNWs, while Figure 2b corresponds to the ZnO coated AgNWs. It can be clearly seen from
Figure 2a that for bare AgNW networks most of the nanowires are removed, showing the
very low adhesion of the bare AgNWs to the substrate. Conversely, Figure 2b shows that for
coated networks numerous nanowires remained on the substrate, thereby showing a clear
improvement in AgNWs adhesion to the substrate. The low resistance of the networks was
also maintained after the tape test, while for uncoated networks the resistance after the tape

test was 3 orders of magnitude higher (k€2).
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Figure 2. (a-b) Optical microscope images of the bare and coated (30 nm) AgNW network,
respectively, showing the effect of the scotch tape test. The upper (lower) half is the region
where tape was (not) applied; (c) Transmittance of AgNW networks at 550 nm (after
subtraction of the glass substrate transmittance) versus the ZnO coating thickness deposited
by AP-SALD. Increase in thickness of the ZnO coating results in a linear decrease of the

transmittance.

The effect of the ZnO coating on electrode transparency was also evaluated. Figure 2c
reports the influence of the ZnO coating thickness on the optical transparency (measured for a
wavelength of 550 nm) of coated AgNW networks. Note the network transmittance is
measured after subtracting the substrate contribution, as explained in Lagrange’s et al.
article.” In a first approximation a linear decrease of optical transparency from 93.5 % to 82.5
% can be observed (as expected for a linear expansion of an exponential function close to
unity). For an optimized integration of coated AgNW network a compromise should be
considered, depending on the application targeted. Indeed, as seen below, a thicker ZnO
coating is associated to a more efficient thermal and electrical stability but at the expenses of
optical transparency. This slight decrease of optical transparency is nevertheless still

acceptable for many applications. Finally it is worth noticing that the electrical resistance of
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AgNW network remains similar, within experimental incertitude, before and after ZnO

coating.

Effect of the ZnO coating on the electrical and thermal stability of AgNW

networks

For all considered applications, both electrical and thermal instabilities of AgNW networks
can be a key issue for their efficient integration into real devices, since this could drastically
reduce the lifetime of the TE and thus of the associated device. The effect of ZnO coating on
electrical and thermal stabilities of the AgNW networks has been evaluated as a function of
the thickness of the ZnO coating. In this regard, there is no universal definition of metallic
network stability. In the present paper we define the stability of an AgNW network (during
either thermal or voltage ramps) as a domain of variation of voltage or temperature where the
change of network resistance is reversible. Inversely the instability can be observed when the
electrical resistance suddenly increases during a ramp from few tens of Ohms to more than
10* Ohms. We first consider thermal stability and then the electrical stability.

Similar AgNW networks were spin-coated on Corning glass substrates, then ZnO coatings
of various thicknesses were deposited by AP-SALD. The initial electrical resistance of each
specimen was similar with an average value of 12.1 Q and a standard deviation of 2.1 €,
regardless the ZnO layer thickness. The stability of AgNW networks to high temperatures
was investigated during thermal ramps from room temperature to 500 °C at a heating rate of 2
°C/min. Figure 3a shows that in all cases AgNW networks exhibit a slight linear increase of
resistance with temperature, which is related to the electron-phonon interaction’'. For bare
AgNW networks and those coated with a thin ZnO layer, this linear dependence is then
followed by a very sharp increase of the electrical resistance. This last feature stems from a
non-reversible phenomenon which leads to the spheroidization of the AgNWs (due to the

total surface energy reduction). This morphological instability is called the Plateau-Rayleigh
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instability and has been already well described in the case of metallic nanowires’>>>>*. The
spheroidization is at the origin of the loss of the electrical percolating nature of the network,
which can then be observed through the sharp divergence in electrical resistance for some
specimens. Figure 3a clearly shows that by increasing the thickness the ZnO coating, higher
temperatures can be achieved before the instability is observed. For instance, a bare AgNW
network deteriorates at 315 °C while the AgNW network coated with ZnO of at least 25 nm
can sustain temperatures up to 500 °C while showing finite electrical resistance. In particular,
networks coated with only 15 nm show a resistance that is 5 times the original one after
undergoing the thermal ramp. With 20 nm of ZnO coating, the increase of resistance goes
down to 1.8 times the original value. Finally, for 25 nm and thicker coatings, the final
resistance after the thermal ramp is only 1.1 times higher than the initial value. The effect of

the thickness of the ZnO coating appears quite evident in terms of resistance reversibility.
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Figure 3. a) Relative variation of electrical resistance (R/Ry) of bare and ZnO coated AgNW
networks measured during thermal ramps from room temperature to 500 °C with a
heating/cooling rate of 2 °C/min. (b) Ratio between final and initial resistances of AgNW
networks, respectively, after and before the thermal ramp up to 500 °C. Increasing the
thickness of the ZnO coating increases the thermal stability, and thus the electrical resistance
reversibility. (c) Relative variation of resistance (R/Rg) of bare and ZnO coated AgNW

networks measured at constant temperature of 320 °C versus time.
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In order to assess the network thermal stability by another method, the resistance of the
networks was measured versus time at constant temperature (320 °C). This feature can be
observed in Figure 3c, where the relative variation of electrical resistance R/Ry is plotted
against time during an annealing at 320 °C for specimens associated to several ZnO coating
thicknesses. Clearly, increasing the ZnO coating enhances the stability of the network. A ZnO
layer thickness of 20-30 nm appears sufficient to maintain a constant electrical resistance.

In a similar approach, we subjected the networks to electrical stress to study their electrical
stability. Figure 4a reports the variation of the electrical resistance of bare and coated
(different thicknesses) AgNW network versus applied voltage during a voltage ramp of 0.1
V/min. In all cases a slight increase of the electrical resistance versus voltage is observed at
low voltage. The origin of such a resistance increase is the Joule effect: when an electric
current flows through the network the temperature of the latter rises and the electrical
resistance as well, due to the electron-phonon interactions. This evolution is reversible, at
least when low voltages are considered. For larger voltages, the network can exhibit an
electrical failure which is associated with a sudden and non-reversible increase of the
electrical resistance. The resistance curves obtained during the in situ electrical measurements
displayed in Figure 4a shows that again increasing the thickness of the ZnO coating allows to
reach higher voltages before failure takes place... This is similar to what has been observed
above when considering the thermal stability. While bare networks show failure at around 9
volts, the stability of ZnO coated networks reaches up to 18 V for 30 nm of ZnO coating,
which corresponds to a 100% increase of the associated voltage failure. Figure 4b shows the
voltage failure dependence versus ZnO thickness. This clearly shows that the ZnO coating
enhances efficiently the electrical stability of AgNW networks. As in the case of the thermal
stability enhancement provided by the coating, the electrical stability enhancement does not

show a linear relationship with ZnO thickness.
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Figure 4. (a) Variation of electrical resistance for bare and ZnO coated AgNW networks
subjected to voltage ramps of 0.1 V/min. The bare AgNW network shows failure at around 9
V, while the stability of ZnO coated AgNW networks increases with increasing ZnO coating
thickness reaching up to 18 V for 30 nm of ZnO coating. (b) Failure voltage limit dependence
versus ZnO coating thickness. A clear, nonlinear increase of the failure voltage versus ZnO

layer thickness is observed (the line is a guide to the eye).

In one of our previous studies®* we reported a physical model estimating the link between the

average electrical current density < j > and the voltage V applied between two opposite

. . . . %
electrodes separated by a distance W. The relation can be written as follows: < j >= —ry

where p is the electrical resistivity of the network. Therefore from the voltage values
observed in Figure 4 one can deduce that the current density at failure varies between 1.6 10"
A/m’ for non-coated AgNW and 3.2 10'® A/m* for AgNW coated with ZnO. Such values of
electrical current density are associated at the network level where enough AgNW have
undergone a failure. These values at the network level can be compared with the one
observed by Stahlmecke et al., 35 10" A/m?, for which void formation within an individual
AgNW was clearly observed due to electromigration.”> The fact that the current density

associated with the network failure is lower than the one observed by Stahlmecke et al. might
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indicate that the AgNW associated with smaller diameters degrade first, or areas of the

networks with the lower-than-average nanowire density.

Rationalization of the effect of the ZnO coating on the stability of AgNW

networks

The origin of the nanowire Plateau-Rayleigh instability has already been reported several
times, both for metallic nanowires and as well for other types of nanowires.”>>*® The main
driving force at the origin of such instability is the reduction in total surface energy. Figure 5a
shows a simple schematic representation of a junction between two AgNWs. When subjected
to a thermal annealing or a voltage ramp (the Joule effect increasing the temperature of the
network), the junction undergoes a morphological evolution which aims at decreasing its total
surface energy. The consequence is local sintering, and therefore the junction resistance is
lowered, as well as the network electrical resistance®’. Figure 5b and 5c¢ illustrate such
morphological changes at different stages of the treatment: the first one leads to the minimum
electrical resistance (local sintering) of the junction while the second one is associated to the
onset of network degradation (with local junction breakage probably at the hottest points of
the AgNW network). An example of actual morphological instability is presented in Figure
5d, which shows a SEM picture of a AgNW network subjected to an electrical load or to a
thermal annealing close to the failure limit (before a complete spheroidization). All these
morphological modifications are possible provided atomic surface diffusion can take place.
But such atomic diffusion can be hindered by an oxide coating. This is the reason, for
instance, why sintering of metallic powder is operated in a reductive atmosphere (often with

presence of hydrogen),””®

to prevent the formation of surface oxide layer that would prevent
the sintering. A thin interfacial SiO, layer is also known to weaken the thermal diffusion of

metallic boron or arsenic into silicon.”®° Figure 5e exhibits a schematic representation of the
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coated nanowires studied here (Fig 1c and 1d) while Figure 5f shows a SEM image of a

AgNW coated with 25 nm ZnO.

Based on the above arguments dealing with atomic surface diffusion, a simple way to
estimate the effects of the ZnO coating on the AgNW network stability can be considered in
terms of failure time t/%. Let us consider the electrical stability and the effect on it of a ZnO
coating (of a certain thickness Lz,0) as reported in Figure 4. The failure time t/% will be
directly associated to a failure voltage V/*! during a voltage ramp through: V7% =y . ¢fail

where V is the voltage increase ramp.
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Figure 5. Schematic representation of a junction between two adjacent AgNWs for a) as-
deposited junction, while b) shows a local sintering and c) the beginning of the deterioration
of the junction that will eventually (if the thermal or electrical load continues) lead to the
deterioration of the network. d) SEM image of a junction within a AgNW network after
thermal or electrical load just before the failure point. €) A very thin and conformal ZnO
coating (of thickness Lz,0) over a junction is schematically represented. f) SEM image of an
intact junction coated with ZnO. g) Dependence of the experimental failure voltage versus the

ZnO coating thickness, measured during a voltage ramp, as well as the calculated values
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using eq.(3), showing a good agreement (the rate of voltage increase, V, is 0.1 V/min). h)
Resistance versus voltage for voltage ramps with different V values for ZnO coated samples
(25 nm in all cases). i) Dependence of the experimental network failure voltage versus the
product of V and (Lzno)°, as well as the theoretical values from eq.(3), again showing a good

agreement.

While AgNWs thermal failure is associated to AgNW morphological changes caused only
by the Plateau-Rayleigh instabilityy,*’ for electrical failure both electromigration and/or local
heating can cause deterioration (very probably locally within the network close to resistive
junctions between adjacent AgNWs). These two physical mechanisms are as well controlled
by surface diffusion for the low AgNW diameter involved here (130 nm). For coated
nanowires, atomic surface diffusion is partially delayed because silver atoms should first
diffuse through the thin oxide layer before the deterioration of the junction can start
occurring.

Since the ZnO coating induces an increase of the failure time (see Figure 4b), then

tfa dependence with ZnO coating thickness (Lz,0) can be written as follows:

il il .
t(]:c(‘)l(;ted AgNW(LZnO) = tlj:grl"e AgNW + Atfall (LZHO) eq(l)

fail

fail
where t w and toooieq agn

bare AgN w are the failure time (for which the AgNW network
electrical resistance is diverging) for bare AgNW and ZnO coated AgNW networks,
respectively.

As shown schematically in Figure 5, tggi, agnw can be associated to the time (or voltage)

required for Ag atoms to undergo enough displacement enabling the morphological
instability of bare AgNW. When an AgNW is coated with a thin oxide layer, the additional

diffusion of Ag atoms through the thin oxide layer induces a delay, noted At/%!(L,,). By
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using the basic diffusion laws in first approximation, the latter is directly dependent on the

oxide layer thickness (L, o) through:

Lzno = 2. D AT (L) eq.(2)
where D is the diffusion coefficient of Ag atoms through the oxide barrier. Therefore this

simple model would lead to a voltage failure versus ZnO coating thickness Lz, given by:

pfail (Lyro) =V fail n V.Lzno” eq.(3)
coated AgNwW \~Zn0/ — Vpare AgNW 2.D g

where V is the voltage rate associated to the voltage ramp (equal to 0.1 V/min).

Figure 5g reports the same experimental data as already presented in Figure 4b along with a
fit using eq.(3). In spite of the simplicity of the model, the agreement appears very good
between the model and experimental data. The only unknown parameter in eq.(3) is the
diffusion coefficient D of silver atoms though ZnO oxide. The fit presented in Figure 5g
yields a D value of 9.9 107'® cm%s. The comparison between this D value and the ones
reported in literature is not trivial since the diffusion coefficient depends drastically on: i/ the
structural properties of the oxide (presence of defects such as grain boundaries or voids)
which themselves depend on the growth experimental conditions, and ii/ temperature since
diffusion is a thermally activated process.

The diffusion coefficient of Ag atoms in ZnO, D, has a very low value since Ag ion has a
low solubility limit in ZnO at equilibrium. This stems from the different valence states of Ag
ion and Zn as well as from the larger Ag ionic radius when compared with Zn®'. Sakaguchi et
al. investigated the diffusion of Ag in polycrystalline ZnO in the temperature range 700-900
°C.%? They found a Ag diffusion coefficient in ZnO equal to 7.8 107 cm?/s at 900 °C. For a
lower temperature range, McBrayer et al.*® studied metal diffusion in SiO2 oxide layers and
reported that Ag diffusion coefficient D is equal to 107> cm?/s at a temperature of 221 °C,

which is typically the measured temperature associated to the AgNW network failure. These
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D values from literature are thus in agreement with the value obtained from our model (3)
(see Figure 5g).

According to our model, the failure voltage should also be affected by the value of V, i.e.
the rate at which the voltage is increased. Thus, in order to further test the validity of the
model, we also performed voltage ramps using different V values on networks coated with 25
nm of ZnO. As shown in Figure 5h), a steep increase in resistance at about 11 V is observed
when using a V of 0.05 V/min. For faster voltage ramps, the failure voltage increased from 12
V for a V of 0.075 V/min to over 14 V for V of 0.1 V/min. Figure 5i) shows the failure
voltage versus the product V-(Lzno)’, with data both from constant voltage ramps with
different ZnO thicknesses (Figure 4a)) and from voltage ramps with different rates (Figure
5h)). Again, the agreement appears very good between the model and experimental data, even
more taking into account that the networks used in both cases (Figure 4a) and Figure 5h))
were fabricated using AgNWs with different diameter and lengths, and with different
deposition methods (spin-coating vs. Spray-coating), respectively, as detailed in the

experimental section

Evaluation of the performance of transparent heaters based on ZnO coated

AgNWs

One of the key issues associated with AgNW networks when used for transparent heater
applications is their electrical non-reversibility after applying voltage ramps or voltage
plateaus.”® To assess the reversibility of the electrical resistance of bare and ZnO coated
AgNW networks, voltage plateaus were applied at 1, 3,5, 7, 5, 3 and 1 V with a duration of
45 minutes each. Figure 6a shows the in situ measured electrical resistance of the studied
AgNW networks. The bare AgNW network clearly shows a continuous degradation

especially for the largest voltage plateau (7 V) with a continuous observed increase of the
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resistance with time. Conversely, a ZnO coated network (25 nm thick) became reversible and
stable under the same conditions. Another way of demonstrating these effects is to plot the
measured electrical resistance versus temperature. As shown in Figure 6b, the ZnO coating
has clear positive effects on the reversibility of the electrical resistance when compared with
the bare network. Interestingly, Figure 6b shows that AgNW networks, if well protected
against morphological instability, can not only be used as transparent heaters but as well as a

transparent temperature sensors.
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Figure 6. (a) Electrical resistance of AgNW networks measured versus time during voltage
plateaus of 1, 3, 5 and 7 V applied to the bare and ZnO coated networks. Each plateau was 45
minutes long, and the whole series then reversed. (b) Dependence of electrical resistance
versus temperature measured during voltage plateaus of 1-3-5-7-5-3-1 V for both bare and
ZnO coated (25 nm) networks. A much better stability is observed for the ZnO coated

network.

Thanks to the positive effects of the ZnO coating, which increases the voltage failure limits,
the heating capability of AgNW network can be enhanced. One such example is shown in
Figure 7, where for a voltage ramp of 0.1 V/min the bare AgNW network degraded at around
8 V and the maximum associated temperature measured was 150 °C. Conversely, the network

protected by a 25 nm thick ZnO coating degraded at around 14 V and the related measured
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maximum temperature was 350 °C (an increase of 133%). The maximum temperature limit
can therefore be drastically enhanced thanks to the ZnO coating over the AgNWs since

atomic surface diffusion can be partially delayed.
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Figure 7. Measured temperature versus voltage during a voltage ramp of 0.1 V/min for bare
and coated AgNW networks, the latter being associated to a 25 nm thick ZnO coating. The
bare AgNW network exhibits an electrical failure at about 8 volts while the coated AgNW
network can undergo a voltage up to 14 volts and can therefore remain a transparent heater at

much higher temperature.

Conclusions

In summary, ZnO thin layers of different thicknesses were deposited on silver nanowire
(AgNW) networks by atmospheric pressure spatial atomic layer deposition (AP-SALD) and
the effects on the main physical properties of the networks were studied. It is shown that the
ZnO coatings drastically improve adhesion as well as thermal and electrical stability of
AgNW networks, with only a small decrease in optical transparency. It is worth mentioning
that, as opposed to previous works, ZnO coating has been deposited by AP-SALD, which is a

new approach to ALD that maintains the high quality of coatings associated to ALD but that
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can be performed at atmospheric pressure, offering thus deposition rates orders of magnitude
faster than conventional ALD and being compatible with roll-to-roll and other low cost and
high throughput processing methods. Such an approach presents a method to enhance
stability of flexible and transparent electrodes in a way compatible with industrial needs.

The stability improvement observed is directly related to the thickness of the ZnO coating:
the thicker the ZnO coating layer the better the thermal and electrical stability of the network.
However, ZnO coated AgNW networks are slightly less transparent when the ZnO coating
thickness is increased, and thus a compromise in terms of ZnO thickness should be
determined depending on the targeted application. The coated AgNW networks were
evaluated as transparent heaters, proving to be much more stable than bare networks and thus
reaching temperatures as high as 350 °C during a voltage ramp. In particular, the electrical
failure voltage (and associated temperature) increased from 8 V (150 °C) to 14 V (350 °C)
for bare and coated AgNWs, respectively, which represents a 133% increase in achievable
temperature. Thanks to a simple model we showed that the origin of the stability
enhancement can be associated with hindered atomic diffusion on the surface of the
nanowires, since it is partially delayed due to the low diffusion of Ag atoms through the ZnO
coating, thus preventing junction deterioration. The model enables to understand the
evolution of network stability with coating thickness. Although the present work has been
devoted to AgNW networks, the main physical ideas could as well be transferred easily to

other nanomaterials.
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Silver nanowires (AgNW) coated with conformal thin ZnO layers by atmospheric pressure
spatial atomic layer deposition (AP-SALD). The coating causes a drastic enhancement of the
thermal and electrical stability of the networks which constitute very stable transparent
electrodes. A model predicts that such stability improvement is the result of hindered silver

atomic diffusion due to the presence of the thin oxide layer.



