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Abstract

Transparent electdes are a necessary component in a number of devices such as solar cells,
flat panel displays, touch screens and light emiting diodes. The most commonly used
transparent conductor, indium tin oxide (ITO), is expensive and britle, the latter property
makng it inappropriate for uandcoming flexible devices. Fims consisting of random
networks of solutiorsynthesized silver nanowires have emerged as a promising alternative to
ITO. They have transparency and conductivity values better than competing aewldgies

(e.g. carbon nanotubes fims, graphene, conductive polymers, etc.) and comparable to ITO.
Furthermore, these siver nanowire fims are cheap, fiexible, and compatble witb-rail
deposition techniques. The main objectives of this PhD vaoekto improve the properties of
siver nanowire electrodes and to study and solve issues that are currently hindering their use
in commercial devices. Specificaly, | studied the important areas of electrode conductivity
and stabiity. To increase the conductivity of nanowire electrodes, two sivesstnartures
different from what is commercially available were synthesized i)-lirg nanowires and

(i branched nanowires. Regarding (i), by using-fir@panediol as the medium rather than
the typical ethylene glycol in the polyol synthesis processwall asthe molecular weight of
PVP, the temperature of the process, or the concentration of siver nieatebtained siver
nanowires with an aspect ratio between their lengths and diansétd@50. Among all the
ultra-long siver nanowires elaboeat in polyol process reported in the literature, they have
the maximum lengthThe synthesigleveloped is also cheap and the reactime takes less

than 2h. Moreover, thelave a high yield o2 mg/ml. Electrodes with asheet resistance of 5

q/ Sq aftransparency of 94% were obtainddith post thermal treatment applied)
However, this pstdeposition anneal ishown to have a small infuence on the decrease of
the sheet resistance. It thus notrequired to elaborate electrodes with good performance
which is very advantageous for the elaboration of electrodes on plastic subsRegesding
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(i), AM i ke shalpiekbe obbr amt hedo nanowires were el
ultrasonic irradiation during the polyol process. Unfortunately, tkeigth being short (6

um), their interest is limited to enhance the performance of transparent electrodes. In addition,
structural analyses of both branched and unbranched nanowires revealed the nanostructures
not monocrystaline.Concerning the stabilie issues,the thermal stability of siver nanowire
electrodes coated witlgraphene was investigatedhis coating allows a better homogeneity

of the heat through the network, decreasing the number of hot spots and thus increasing the
lifetime of the electsrdes. Te corrosion of siver nanowire and the resulting electrode
resistance increase over time is a severe problem hindering their use in commercial devices.
11-mercaptoundecanoic acid (MuA) was identified as a promising passivation agent of siver
nanowres. Lifetime testing showed that the electrode resistance increased slowly (12%)

than any other passivated electrodeported in the literature. Furthermore, unike many other
passivation methods, the MuA molecule itself does not negatively diffectonductivity or
transparency of the electrode and is very inexpensive, all contributihng to the commercial

viability of the passivation method.
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General Introduction

The topic of this thesis is focused on the development of transparent conductive materials
which play alarge role in electronic displays, transparent heaters, solar cells, light emiting
diodes, touch screens and many other technoldbidiese types of materials are continuing

to attract growing interest due to the high demand for personal devices. Currently, indium tin
oxide (ITO), and more generaly transparent conductive oxides dominate the market as the
most mature echnology showing excellent transparency (above 80%) combined with low
resistivity (of the order of 1@ Wcm). However, they are prone to cracking when
mechanically bent, are costly, and require -tghperature fabrication processing to reach
the best pdormance. Recent discoveries in nanomaterials have opened up an important
opportunty to develop a new class of transparent electrodes suitable for optoelectronic
devices, generating altternative materials to ITO. Of the various candidates, fims gonp$istin
random networks of solutiesynthesized siver nanowires have emerged as a leading
candidate. Siver nanowire fims have transparency and conductvity values better than
competing new technologies (e.g. grapFénecarbon nanotubes fiis conductive
polymers’) and comparable to ITA . And siver nanowire fims are cheap, mechanicaly
fiexible, and compatible with retb-roll deposition techniquesAlthough these anomaterials

have strong potential to replace ITO, they are not yet used in commercial devices. The
purpose of this research is to study and solve current limitations hindering their widespread
use so that these electrodes become a viable alternativé®.to IT

Key problems this research address@$he demand for devices that use ITO, the most
common of which are liquid crystal displays (LCDs) and touch screens, continue to increase.
ITO accounts for the majority of global indium consumption, however, tle @i indium is

high and volatie, and has various supply concerns. This is the frst major problem spurring
the need for an alternative transparent conductor. The second major problem is that ITO
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electrodes crack upon bending and are thus not suitablexire displays, flexible solar

cells, and other upndcoming mechanically fexible devices. The third problem is the
deposition process: ITO is deposited by sputtering which means it cannot be deposited on top
of organic layers. Moreover, high depiosit temperatures are also required which are not
compatible with polymeric substrates. Silver nanowire electrodes do not contain indium, and
although silver is an expensive material, so lite of it is used such that the material costs of
the nanowire eldmdes are less than half that of ITO. Because nanowires can endure higher
elastic strains than thiilms, siver nanowire networks are very mechanicaly fiexible.
Furthermore, nanowire networks can be deposited as a solution at room temperature without
the requirement of processing under vacuum. Even with all these advantages, nanowire
electrodes are not yet attractive enough to replace ITO. To make nanowire electrodes a more
viable alternative this project wil (i) improve their conductivty and trarepar and (i)

tackle their lifetime and stabilty issues. Siver nanowires can be synthesized inexpensively in
solution by the polyol methodlo improve nanowire electrode conductivity and transparency,
we explore the possibiity to synthesize nanowireth sizes, shapes and architectures that are
different than those of the materials that are commercially avaiable. Longer nanowires wil
lead to less nanowiranowire junctions in a connected network and thus a lower resistance
wil be attained. Simiarly 2D branched nanowires, rather than 1D nanowires wil also lead to
less internanowire junctions.

The lifetime of nanowire electrodes is currently shorter than ITO. To improve
nanowire stability, we wil investigate the possibiity of passivating thdase of the siver
nanowires with short organic molecules to protect siver against oxidation. To assess thermal
stabiity and the lfetime of an electrode consisting of passivated nanowires, a DC power
supply is used to pass a current across the elecfovdan extended period of time and the

sheet resistance of the electrodes wil be measured i#tinnealA 2D thermal mapping of the



fims is obtained using an infrared thermal imaging camera to assess the amount of Joule
heating and temperature variaticacross the fim.

Overal, this research is focused on developing nandveised electrodes as a more
viable alternative to ITO. In this manner, the #i®d® transparent conductor market is
predicted to grow from $206 milion in 2013 to $4 bilion by R02Such extraordinary
evolution highlights the enormous economic impact that this approach may have.
Furthermore, many companies in France and Canada develop devices that require
inexpensive, high performing transparent electrodes. Therefore, nanowitedelecnaterials
wil enable the development of new devices, particularly mechanicaly fiexible electronic and
optoelectronic devices, resuliing in direct economic benefits for those companies involved.

This thesis project is part of the IEFRunMat progran (International Doctoral School
in Functional Materials) and involves two universities: the University of Waterloo in Canada
and the Uniersity of Bordeaux in France. The synthesis)arfianic nanoparticles hdseen
widely investigated in the research group 0nC
la Chime de la Matiere Condensée de Bordead). the other hand, the expertise of
integrating these particles into materials, their electrical characterizatnthen testing of
these devices for evaluation have been developed in the group of Irene Goldthorpe in WIN
(Waterloo Institute for Nanotechnology). Finally, the vibrational spectroscopy and imagery
techniques have been developed in the research group GSbuUp€G Spectroscopie
Moléculaire) in ISM (Institut des Sciences Moléculaires). Along these lines, such a
colaboration enabled us to take a combinatory approach using knowledge and techniques
from materials science, chemistry, electrical engineering arairepeopy.

This thesis consists of four chaptefhapter 1 can be considered a literature review
and provides the context of the thesis as wel as discussion of many of the works that have

already been undertaken by other groups. It is focused on #wblpoapplications of the



transparent conductive electrodes and the impetus behind the drive to replace indium tin oxide
by silver nanowires thin flms. 'Chapter 2, we report how to achieve ulttang nanowires

and discuss the electaptical propertiesof electrodes based on these long and thin Ag
nanowire networks prepared by methods that are scalable to industrial manufacturing levels.
Chapter 3 discusses the synthesis of novel architectures different from the classical 1D
nanowires. Chapter 4 provides an indepth description of the thermal and chemical stability
issues of the siver nanowire networks presented throughout this work. Finally, this thesis
concludes with a summary of the work and a discussion of which directions future researchers

in the field should be oriented to.



Chapter 1: Introduction to transparent conductive materials

In this frst chapter, | give a brief introduction of transparent conductive materials
emphasizing the importance of using siver nanowire electrodes as an alternative material.
Aside from providing general considerations and a review of the state ofttbé electrode
properties like sheet resistance and optical transmittance, | wil highlight some of the current
chalenges of electrodes based on medabwires that have to be overcome. The synthesis of
siver nanowires wil be then described through explanaton of the parameters that
significantly affect their formation and their dimensions. This work wil further highlight the
current efforts to produce ultrahigh aspeatio nanowires as well as architectukher than
one dimensional metal nanagitures. Moreover, arange of practical podteatments to

increase the chemical and thermal stabiifythe electrodesvil also be discussed.

1.1. Transparent Conductive Electrodes

Transparent conductive materials are crucial components in numerous optoelectronic
devices such as thin fim solar cels, touchscreens, electromagnetic shielding, light emiting
diodes and many othedisplay technologie$! They are often used in these optoelectronic
devices as electrodes and their characteyisiie gplication dependent igure 1. For
instance, touclscreen displays need an electrode sheet resistance in the rangd0&f S

however, a sheet resistance as small a&/$6is required for solar cels!

Touch screen -
R~ ;
. -
Flexible LCD

Solar Panel

Figure 1. Sheet resistance requirements for sfaarent electrodes, depending
the application.
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Doped metal oxides are th@ost commonly usednaterialsin the electronic industry
for transparent electrodes, in particular indium tin oXd&l"18 The later has a low
resistivity (Rneet< 20 q / $ @ high transparency (Transmittance > 80%) alladvs a precise
control of its thickness and doping concentrdfibnHowever, the price of ITO tends to
increase over time due to the scarcity of indium and its high cost of manufaghiging
vacuum and higitemperature processing (T > 300°C) is required). Further, the elevated
processing temperature severely dmihe choice of substrate materials. Whie ITO electrodes
on glass typically provide a sheet resistance in the range-af®Bq / Sfqr ITO on plastic
substrates,e.g. Polyethylene terephthalatéPET) or polyethylene naphthalate (PENyvhich
do not allowheat treatments higher than 150°C, the sheet resistance is significantly higher (on
the order of 60- 300 ¢ / $YM1% Moreover, the optical transparency of ITO is limited for
fims with a low sheet resistance. Other metal oxides such as aluminum doped ZnO and
fluorine doped Sn@ in general come with simiar issUés! After decades of research, ITO
remains the most important transparent conductive oxide, as of yet. Aiming for mechanicaly
flexible, largearea, high-throughput optoelectronic device manufeiog, alternative
concepts for the realization of (idealy) vaculiee, lowtemperature processed, scalable,
fiexible, highly transparent and conductive coatings are needed. These potential alternatives

aredescribedin the next section.

1.1.1. The polyol process

Polyol synthesis of Ag NWs is the most promising syithepproach interms of
yield, implementation,cost and shape control. In a typical siver nanowires synthesis, the
polyol solvent (HOCH,[CH(OH)InCH,OH) ,which also acts as the reducing agehtsilver,
alows the reducton of an inorganic salt precursor (for example AyN& high
temperaturgFigure 3 Polyvinylpyrrolidone (PVP) is added as a shape contrgeomoting

the anisotropic growth of the wires. The siver nanowires obtainexligh this selfseeding



protocol generaly have diameters on the order of a few tens of nm and lengths ofrsaveral
Moreover, be vyield is about 6000% and the cgroducts (i.e. nanocubes, sphee¢3 have to
be removed by purificatiord few grams of Ag NVE can be obtaineth a single experiment
allowing large area fim depositiosince only a few tens of mg are deposited pértmobtain

a~90% transparency.

Condenser

Injection —»_

Flask

I1 I Oil bath

s Hotplate and magnetic
~S_— stirrer

- 3]

Figure 2. Schematic representation of the AQNWs synthesisipet

Even if the mechanism is stil not fully understood, the synthesis of silver nanowires is
believed to occur in two main steps: (i) the foiomatof tiny Ag seeds of-38 nm folowed by
() the anisotropic growth of the seeds. The tiny seeds are produced feoraldibhyde
resuting fromthe dehydratation of the solverflong these lines,he most frequently used
polyol is ethylene glycol (EG): OHCHCH,OH. The glycoaldehyde (GA) derived from the
dehydration of the EG reduces the siver precursor into atoms) alesated temperature
(100-200°C)1*2!

In the initial stage of the reduction procesdg atoms form small clusters of
fluctuating structures. As the clusters grow larger, they become more stable and emerge into
tiny seeds of 2 nm diameter. These seeds adopt one of three predominant structures: single
crystaline, single twinned or mulp twinned structures (Figur8.a). Accordingto Xia et al.,
the nanowires are derived from the multply twinned seégure 3b). Most reported

procedures usé€PVP (polyvinylpyrrolidone) as a stabilizewhie other capping agents such



as c ettriyil mamdiryil am I Cd wiBddem dodecyl sulfonate (SDS), vitamin B2

or polyethylene oxide have also been used to control the anisotropic growth of the seeds.
Even though thenteraction between PVP arttie siver surfaceis not fully understood this

cappiy agenthas proven to drive the elongated shape obtained at the end of the syhthesis.
this manner,t$ binding affinity varies from one crystal face to another, hindering the grow of
selective facesPVP preferentially binsl on lateral {100} sivercrystal facets rather than on

the {111} facets faciitating the formatioof siver nanowire§3! There may be a region of
optimal concentratiorout of which for too low of a PVP concentration, the sorption of PVP
onto siver insignificantly affects the growth process whereas for too high concentiations

which nonselective sorption prevaisthe metal reduction is inhibited on all facets.

@

single crystal
icubooctahedron
Hz O coordinatio;
@ e
decahedral 'J‘ Q==== ¢ Az
MTP

O

&

quasi-spherical
a) ATD b) Pentagonal twinned seeds

Figure3: a) Ag, seals of different crystallinityb) the evolution of the seeds into a rB8%

The morphology and size of nanowires substantialy depend on the experimental
conditions (temperature, siver salt concentration, PVP:siver salt ratio). By varying the
reaction conditions suchsathe temperature, the stirringte, the addition of hetegeneous
seeds, the nature of the capping agent,ctimeentratiorof reagentsand the presence of trace
amounts ofions, a certain degree of control over both the size and morphology distribution
can be achieved®'® In the next section, | summarize the impact of somehese key

parameters on the dimens®rof the siver nanostructures.



1.1.2. Alternative transparent condiet materials

New types of materials that are future candidates for transparent electrodes include
conductive polymers, graphene, carbon nanotubes (CNTs) and metalic nanowires based
percolating networks (eg. copper nanowires (CuNWSs),r sieemowires(AgNWSs)) (Figures 4
and 5). 171181 Al these materials can be bent, stretched, compressed, twisted, and deformed
into non planar shapes but maintain good conductive performanceilityelaid integration.

Figure 4 plots the transmittance versus the sheet resistance adateveral transparent
conducting materials includingssociated graphene, CNTs, AgNWs and ITOalso slows

the isevalues of the FOM (Bure of merit) that allows comparison of the overall performance
of the transparent conductive materials. The classic FoM definition of Haaclesasbedby

the following formula:

Tr is the optical transmittanceneasured at a wavelength of 550 nmd &Rs is the sheet
resistance.The larger the FoM value, the better the associated elegtical properés (pink

squarein Figure 4).

Haacke FoM (103 Q1)
200 100 50 10 1
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Figure4: Transmittance (550 nm) plotted as a function of sheet resistance for various transparent cc
materials: Indium tin oxide (ITO), graphene, singlalled carbon nanotubes, copper nanowires, silv¢
nanaowires, and FTO. The solid lines are associated withvsloes of the Haacke FoM (Figure of Mer}].
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Figure5: a) Example of an alternative transpareonductive material made of metal nanowire netwarks b)
SEM image of the Ag NW network.

The haze factor of the transparent conductive materiahother parametehat needs
to be considexd for applications.This optical factor quantifies the percaygaof transmitted

light thatis scattered, and is given by:

00 G O O &+ WP T 11-2)

Diffuse transmittance is the scattered transmited light wibial transmittance is the
sum of both the scattered and directly transmitted light. Depending on the application, haze is
neededin higher or lower percenta§é! For instance, touch panels place on windscreens
need a low haze factor (< 3%) to ensure comfortierhuman eyeOn the other handsolar
cells need a high haze factor.

Other factors such as material preparation and processingrige and limitations of
the alternative materials are summarized in Table 1.1. Each material is discussed in more

detal in the following subsections.
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Table 1.1: General guide to the properties and fabrication methods of different transparent conductive materials.

Property TCO, AgNWs CNT Graphene | Nanogrids
Rs (Q/Sq) | 5-100 | 1-50 | 25-300 [30-5000] 03
Transmittance (@ 097 | s0-96 | s0-91 | 80-96 | 90
F|¢?~ii|}j|i1}- + +++ R +++ 444+
Scability [+ | =+ | e | A .
Chemical Vapor Depnsitiﬂn' | - I | | F+4
Sputtering [ ] - | - I - +
Spray deposition ++ ++ +++ + 5

Dip-Coating - +++ . 4

Cost - ++ [ + | ~ b I b4+ 4
Uniformity +-F ++ o +++ i

Conductive polymers

One alternative for transparent electrodes is based on fims of conductive polymer
Poly(3,4 ethylenedioxythiophene) PEDOT), encapsulatedby poly(4styrenesulfonate) (PSS),
is most used thanks tids excellent mechanical flexibiity, solution processabiity and high
transparenc{?® In spite of its interesting characteristics, the sheet resistance of transparent
electrodes based on PEDOT:PSS is much larger than that of ITO. Recently, thiof flm
highly ordered anddenselypacked PEDOT:PSS nanofibris after acidic timemt have been
reported. Such materialead to a sheet resistance ofM/&q at a transparey of 90%!%%!

Graphene

Graphenepresents importanadvantagesn terms of high electron mobility (200.000
cnf/V-s 22 versus 10 and 70 éW.s for ITO) and high intrinsic iplane conductivity?®!
Monolayers of graphene can be synthesized by chemical vapor depostion (CVD).
[2411251.2]126] Graphene can be doped with an acid to achieve a decent sheet resistance of 30
q/Sq at a transparency of 9388 However, atthis time the cost of depositing graphene by
CVD is too expensive to have values compardblet not better than the performance of
ITO electrodesOn the other handhe synthesis of graphene flakes is much cheaperthbut

overlapping of flakes is veryhigh leading to high electrode resistan(@% of transparency
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for a sheet resistance in the range of-2000 wWSq)?”! Along these lines, rgphee flakes-
based transparent electrodes are stil inferior to ITO, mostly due to their high sheet resistance
and limited transmittancg®-2301.31]

Carbon Nanotubes

A random mesh of carbon nanotubes (CNTs) can be deposited as e@ntéima
substrate (lGure 7 in order to obtain a transparent conductive electrddethis manner,
current can flow from one tube in the network to the next, and like graphene, CNTs absorb
only a smal portion of the incoming light, making the fim transparéoreover, the
chiralty of the nanotubes dictates whether the material has a semiconducting or metalic
nature. In the metalic configuration, the electron mobilty is comparable to the one of the
graphené®?! CNT-based electrodes have high thermal conductivity, high flexibiity and good
mechanical stabiity. The main problem of CNT electrodes is their low conductify.
Although the conductvity of a single CNT is high, there is a high resistance at the junction of
two overlapping CNTE* leading to a high resistance of the overal network. Another
problem is that the synthesis of CNTs leads to both metalic and semicondeirigsin
the same batchEven though e seneonducting tubes do not contribute much to conduction
because of their higher resistance, tbeydecrease the transparency of the electrode.

Metallic nanostructures

The main metalic nanostructures considered for transparent electrodes are metal ultra
thin fims (2D), metal nanogrids and metal nanowire networks (1D). Metal can be transparent
when the thickness is below 10 k. However, due to surface electron scattering, the sheet
resistance increases dramatically when the thickness dedféhsd@us, in turn, the
transparencies required for apglions at a given sheet resistance cannot be obtained. The
sheet resistance of metal nanogrids could be close to bulkk metals even when the line width is

close to subwavelength and the period of the mesh is in submicrometé? ‘Sdddavever, the
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elaboration of siver meshes on fiexible substrase a complicated process involving several
steps3® In the last decade,avious metalic nanowire networks such as copper, gold and
siver have been investigated as promising candidates for replacing ITO. The metalic NW
transparent conductive fim is typicaly obtained lay random arrangement (Figure). 6
Contrary to carbon natubes, al conducting components conduct metalically. Furthermore,
the juncton of overlapping nanowires can be fused through sintering or mechanical
pressur€®, which results in junction resistances significantly lower than carbon nanotube
juncions® Together, this results in lower efmle sheet resistances than carbon nanotube
networks and comparable to ITO.

, Silver nanowires

» Substrate

Figure 6: Schematic representation of a metallic NW netwaekositedandomly
Numerous pathways have been developed to obtain metalic nanowiresassubl
polyol process, templatwediated synthesis using DNA or a porous material, the
hydrothermal method, UV irradiation techniques and the microwasisted method! 42!
The nanowire networks can be deposited as a solution at teyoperatureusing a number of
different processesithout the requirement of vacuurfFigure 7.%°414243 Many of these
techniques such as spray coating and-coating are scalable, rad-rol compatible and

processable at ambient terguere andatmospheric pressure.
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Copper nanowires

Due to its low material cost and the only marginaly lower conductivity of copper

compared to siver, Cu is also an excelent candidate for the mass production -of opto

electronic devices. Cu nanowire electrodes have been mainly fabricated using twat differe

approaches. The first one is based am electrospinning process in which nanofbers of

poly(vinyl alcohol) containing copper acetate are spun onto glass substrates. Subsequent

calcination followed by hydrogen reduction leads to the formation of Cu fibevorks with

high conductivity and optical transmittance5(0

Y/ s99% taabsmitancef! However,

this method requires high processing temperatures {&)0and thus has limited applicabiliy.

The other approach is similar to the ones described for siMbie following sectionsolution

processed Cu nanowires mesh celeded?” With this second approach, an average

transmittance othenet wor k of Cu

NWs of 85% with

been achievelt?! Although different methods can synthesize CuNWs of various sine

morphologies, there is stil a lack of effective methods for the -legée production of high

qgualty CuNWs with precise morphological control. More importantly, the low yield and

a

complex process largely hinder the application of GWIN A particula issue associated with

Cu NWs is their susceptibiity to corrosjorbeing far more severe than for Ag NWs.
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Furthermore, the orange coloration of the electrode, due to their plasmonic band in centered
between 560 and 590 nman beamajor problemfor seveal applications*®!

Silver nanowires

Siver is the most conductive metal and thus an excellent choice to obtain a highly
conductive NW fim. Among the different methods to fabricate AgNWMs, polyol process is
the most promising in tesnof yield, implementation, cost and shape cofftfdl Ag
nanowires obtained with this approach have a mean diameter of tens of nanometers, a length
of several tens of micrometers and an aspect ratio in the range 58f05@iver solutions are
easily processed mttransparent conductive fims from a range of dispersions in water or
alcohol. By controling the concentration and the aspect ratio of the AgNWSs, the sheet
resistance and the transparency of the electrodes can reach low values. For instance, with a Ag

nanowire diameter down to 20 nm, the sheet resistance reaches the leteDof Yat a q

transmittance of- 90%. Ag NWbased electrodecan be realized at a relatively low casice

the material costs of Ag nanowire electrodes are less than half that oT I8O. ma ke a 50 Y
electrode, the cost of the siver nanowires themselves is about 0.70vgiie the price of

the ITO wil be 1.60 $/f*®! Furthermore, Ag NW networks are mechanically flexinie

being transparent in the infrared (IR) rang8uch propertiesnake them more suitable for
applications such as mjinction solar cels and smart windowfor the fenestration

industry, capable of modulatin heat dynamics (Figure 8. ") Moreover, AQNW networks

have been implemented for applications including transparent send®¥s, transparent

heater®! and medical devicdd”
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Figure 8. Transmittance versus wavelength of different electrode materials, showin

their transparency in both

the visible and theearinfraredregions of the electromagnetic spectrith

However, siver is known to corrode in air and due their high sut@aeelume ratio,

pure AgWs degrade even more rapidly than bulk silver, causing sheet resistance to increase

over tme®Y Furthermore, the concomitant infuence of humidity and ilumination on the

degradation has been unraveled by Jiu aftf'al.

1.1.3. General considerationsndhe performance of Ag N\Wlectrodes

Several review articles on thdifferent parameters that influence the electric properties

of siver nanowire electrodes have been published in recent{feid! 18:39.53581(59.601 gome

of the fundamental trends are summarized below:

- Percolation theoryallows one to better understammw AgNW networksachieve

electrical conductivity In this model, variables include the diametere tength and the

Log (conductivity (S/cm))

-20

\I'm.l\

B
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Figure9: Log (conductivity) in function of the volume fraction of silver nanowires.



density ofthe Ag NW network (Figure 9

- By increasing the density of the network (number of siver nanowires per unit area),
the number of percolation pathways increases and thus induces a higher conductivity of the
electrical shedt® According to theoretical and experimental investigations, the sheet
resistance is indeed linked to the network density:

26 1 1 (1-3)

Where n. is the critical network densityp the density network, and the percolation
component.

- By increasing thelength of the NWs, the percolation withihn a mesh at nominally
identical density isstatically improved, which leads to an overall lower sheet resistafice.

- Increasing the aspect ratio of the NWeads to an increased transmittance at
effectively the same arkanass density and at the same time the contribution of scattered
transmittance to the total transmittancerdase$t! Good tradeoff between length and
diameter is important to fava local conductivity making it more uniformly distributed.

- Transparent electrodes made of curved siver nanowires could alow a better
electromechanical stabiity of the electrodes under stretghingomparison to straight siver
nanowires®”!

- Nanowires with a thinner diameter lead a more uniform conductivity across the
surface, allowing for more electrons to be colected in solar cels and thus, a more uniform
switching in displays. Thinner nanowires wil also result in less scattering and thus less haze,
an important factor fomany applications.

- The junction resistance of two overlapping siver nanowires is higher than the
resistance of the silver nanowire itself. For instance, Selzer recently determined that whie the
resistance of a single siver nanowire (d = 90 nm and 25 Om) is 0.2 q,

resistance of two over | &bTeatments o iower ¢is junctienn o wi r
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resistance, such as removing the organics remaining on the NW surface, increasing the
contact area between nanowires, andindu the junctions, are very helpful. Similarly,
obtaining networks with fewer junctions in the first place, as may be achieved through long

NWs or branched NWs (to be disceddelow), could resulin lower flm sheet resistance.

1.1.4. Limitations of AgQNW networksand key problemdgo address

AgNW electrodes are promising because they have strong potential to replace ITO and
they areavailablein various commercial devic&g!1631641165.66] | angyo, LG, and HP have all
produced a PC/Tablet touch sessbiased on siver nanowire networké? C3Nano has
developed a 55inch siver nanowirebased touchscreen displaf?®! However, Ag NW
electrodes have not been used so far in applications such as solar cells and OLEDs.

The purpose of this project is to study and sole outstanding issues hindering the
widespread use of siver nanowire based electrodes. Despite all the advantages of siver
nanowire electrodes, they are not yet attractve enough to replace TR€Yy. are stil
challenges to overcome before Ag NWs could be fuly integrated in commerciaésidoic
applications suchsasolar cells where a sheetisesice approaching0 m.Sq' is needed at a
transparency higher than 90%.

Siver nanowires have also been found to be electrically and thermaly unstable. When
submitted to high temperature andfourrent conditons, AgNW networks could have early
features rates. For instance, Khaligh showed that siver nanowireg bpolafter two days
when a constant current equivalent tteat encountered in typical organic solar cels was
passed through them®”) Simiar investigatonswere performed by Mayousset al. and
showed that the sheet resistance of Ag Jd¥¢ed electrodes was insignificanthegraded

r. 87769 Exposure to natural light has also

after two years of storage in the dark amdler ai
been found to be critical®®®®! To make nanowire electrodes a viable alternative, it is

important to tackle their lifetime and their thermal, electrical and chemical stabiity issues. As
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mentioned previously,several studies showhat siver nanowires corrode in ambient
atmosphere. fis is due to the presence of hydrogen sufide gas iSaahcorrosion process
leadsto the formation of a neaniform layer of AgS onto the metal surface within 3 weeks.
The combination of high relative humidity and iluminaticeems to becritical & welll>H
The degradation process yields to a sheet resistance increase toy affabout 300% within
25 days!’%

The purpose of this project is to study and solve outstanding issues hindering the
widespread use of siveranowirebased electrodeto becone a viable alternative to ITOTo
do sq this project wil (i) improve their conductivity and transparency and (i) tackle their
lifetime, thermal and chemical stabilty issues.

To improve nanowire electrode conductivity and dpErency, nanowires with sizes,
shapes, and architectures that are differfeon what is commercialy available wil be
elaborated. For example, longer nanowires wil lead to less narnoavi@vire junctions in a
connected network and thus lower resistanc

To limit the corrosion of the siver nanowires, a passivation layer that wil limit the
exposureof Ag to the air/sulfuris needed Robust silver nanowires wil be then elaborated by
a postsynthetic coating with a protecting material. Thermal instigbibf hybrid electrodes
wil also be analyzed thanks to infrared camera equipements.

In order toobtain abetter understanding on how to tackle these challenges and give
context and proper background for my work, | provaeérief overview of the latestmetallic
nanowires synthes reported in the lteratur@and highlight the developing prospects of siver

nanowire passivation.

1.2. The synthesis of siver nanowires

As already mentioned, the mostraightforward approach to producenexpensive

siver nanowires in soluton is the polyol metho&uch methodologywas originally
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introduced by Fievet et al. as an excelemanner to obtainsubmicrometesized metallic
nanoparticles, and is now awidespread approach to the synthesis of metalic

nanostructure¥!

1.2.1. Key parameters fothe control of NW dimension and vield

Influence of the nature of the seeds

Not only siver particles can serve as the seeds of nanowires. Atéwosynthesis of
nanowires in which platinum nanoparticles were used as the growth sites of sivds tigsta
been described (Figuré0.a)*®! In a first step, platihnunthioride was reduced in ethylene
glycol at 160°C after which PVP and siver nitrate were introduced in the meflagording
to the data, the silver salt reduces at the surface of the Pt seeds and {bleelc@erds
generated evolve into nanorods andesinanowires with a yield of about 70%. This method
of synthesis made possible a simple procedure for the formation of nanowires with the
targeed morphology since it was beleved that a nanowire evolves from one seed. For
instance, it was shown that a&alease in the concentration of the primary platinum nuclei led
to a decrease in the nanowire diameter. Note rtiut reports believed that the free cldteri
counter ion present in the reactional medienthe key element for the formation of the 1D
nanosructure prevaiing over the role played by the presenae Pt seed§®72 Simiarly,
gold particles could also serve as seeds to produce siver nanoSines. gold and silver
have the same crystaline structures, andr thdtice constants are simiag seedeegrowth
process is clearly favorét?! This report provides the firsexperimental evidence that the
growth mechanism of silver from platihum or gold seeds prdyigueposed is valdAs can

be seen ifFigure 10.b Au seeds could be evidenced in the middle of the nanowire.
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Figure10 a)Schematic illustration of the formation of Ag nanowires using¥b) TEM images of #ver rod
and wire fromgold seed”®

Silver halde seeds, in particular AgCl, give good results for the formation of siver
nanowires. In this manner, e additon of NaCl leads to the formation of AgCl nano
crystalites reducingthe concentration of free silver ions in solution during the inttial seed
formation. These slow reaction conditions enable the formation of the thermodynamically
more stable multiply twinned seeds required for nanowire growth. The synthesis of siver
nanavires via this approach allows one to obtain wires that are homogeneous in length and
diametef’# Moreove, by taioring the ratio of [AgNG)[NaCIl, the diameter can be
controlled. For instance, NaBr favors the formation of thin nanowires (d=2d"ShHjH7"]

The anisotropic growth mechanism from siMgalide seeds may be somewhat different from
the one from Pt or Au seeds as shownhi& following scheme inigure 11 since @e AgCI

seed gives birth to numerous Ag NWs.
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Figure 11 Schematic illustration of the formatiomf Ag nanowires using silver chloride seeds (left). SEM in
of a AgCl nanocube initiating the growth of silver nanowires (rigt}8*!

Influence of temperature

In the polyol process, the temperature at which the reaction is conducted is an
important parameter for theynthesis of wirdke structures. Below a critical value of 110°C,
no wires can be produced since no multiply twinned crystals are genétraféiThe reason
for this is that ahigh temperature iscrucial for the conversion of ethylene glycol into
glycoaldehyde reaction thatinttiates the nucleation step.hi§ conversionoccurs in general
above 150°C with the help of oxygeli®'®! The importance of temperature is also attributed
to the deficiency of thermal enerdy the fornation of specific facetd>!80

Presence of trace ions

It is dificut to freely obtain highyield Ag NWs with the abowelescribed seed
assisted process. In order to simplify the procedure and improve the quality of Ag NWSs,
different researchgroupshave found that a very small amount of metal ions such &&/mFe&*
and CU/CU* could drastically affect the yield and dimensions of Ag NVWsis is achieved
by removing oxygen from the surtacof the siver seedsFigure 12) and preventing the
dissolution of multiply twinned seedsDifferent researchers haveuggested that the low
valence metal ions could react with the adsorbed atomic oxygen on the surface of siver and
change into higlvalence metal ions. This process prevents the multiply twinned seeds from
being etched and the repeated process ensures thetidorrod Ag NWs. However, this

oxygenconsuming mechanism was not completely responsible for the restifsned since
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anions such as Clvere also foundo be crucial in the process. The dative etching happens

when bothcouples CI/ChL and Q/O,” arepresent in the reaction medilfft8283]

Figure12 Role played bycu(l) in the formation of AgNwW*2

Effect of the nature of the polyol

The nature of the polyalsedalso ha an impact on theyjield and the uniformity of
AgNWs. The ICMCB group at the University of Bordeaux recently demonstrated that the
synthesis of AgNWSs performed in iftopanediol instead of ethylene glycol increases the
rate of AgNWs formation, the vyield, as wel as thee sidistribution of thee 1D

nanostructure$*!

1.2.2. Ultra-long AgNWs

With the development of transparent and conductive fims, the need for long and thin
Ag NWs, i.e. with an aspect ratio higher than 500, masvated scientists to further optimize
the polyol process. Recently, different research gdogve fabricated vgrilong AgNWs
with lengths larger than 100 pm and aspect ratios in the range of30WD by onestep or
multistep methods.

The single step process

A low-temperature reaction, slow stirring speed, trace of haldes, presence of transition
metal ions, and PR of high molecular weight have been reported to make-laotiga

nanowired®® 88 Jiu etal. have prepared very long Ag NWs at 130°C by stopping stirring and
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keeping the solution in the stationary statEnowireswith lengths between 20 and 100 pm
(230 pm infor 12 hours of reaction) andverage diameterof 91 nmhave been reportétf!
Figure 13 Iilustrates the mechanism of growth of thieesinanowires in high and low stirring

speed regime§’!

Figure13 Schem of the growth mechanism of a AgQNW in high (le
and low (right) stirring speed®

Ultra-long Ag NWs coull also be obtained via the polyol process in hydrothermal
conditions. Under these experimental conditions, Ag NWs with an average diamete6®f 45
nm and dength greater than 2Q@n could be produced in abo2® h of reactioff®°°!

The multistep repeatingprocess

This approach is based on: (i) the synthesis of siver nanowires by a conventional
polyol processand (i) their sequential growth. Via this strategy, the lesgith nanowires
were extended from 280 pm to over 500 piil! The main disadvantage of this process is
that it is timeconsuming (12 h) and the diater of the nanowires progressively inses
after eachadditional step.

Table 1.2 summarigethe main characteristics of the high aspect ratio siver nanowires

so far reported in the lterature as wel as the performancé®e abrresponding electrodes
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Table 1.2: Length and diameter of silver nanowires depending on the process used together with th
resistance and transparency of tegulting electrodes.

Year | Reference Process Tune e Length Dnameter Aspect Substrate REs T
ratic
2014 [69] Polvel 12h 130°C 65 jpm &l m 1080 Glass QLS RS %
2014 [44] Polvol 12h 110eC 20-1040 9l nm 2201100 Gilass 24-100 Lp5q | 9497 %
i

s [67] Polyval 30 min 1705C 110 pm 20 am S50 PET 20 f8q Q5 %

2016 [72] Polvaol- 22h G570 200 pm 65 nm 30E0 Gilass T L8 a0 %4
Hydrothermal

2016 [71] polyol Wmm | 160°C 102 pm 140 mn 730 PET 14 {1/5q B7 %

27 [73] Polyol- 2h 130°C 220 pm 55 nm 4000 PET 155 £1'Sq 8 %%
Hydrothermal

2017 [70] Polvol 40 miin 1704C 120 pum 30 nim 4000 PET 87 L5q B8 %0

These data confirm that the use of high aspect ratio nanowires is of high interest since
it allows one to obtain conductive fims with maximum transparency. Howevdiasit been
reported that itis challenging to maintain the integrity of the very long NWaring the
deposition processince hey tend to break, in particular when ultrascuiade used. Fine
tuning synthesis to control the dimensions of N&/s with low standard deviation remains
thus highly desirable because the properties of the networkd) as haziness or roughness,

are applicatiordependent and rely on thepnstitutive building blocks.

1.2.3. Toward branched siver nanowires

Architectures different than 1D siver nanowires aiso interesting nanduilding
blocks as they may decrease resis@ through decreasing the number of highly resistive
junctions where nanowires ool Importantly, such structurebave not been explorefdr
transparent electrodes by other grouflng these lines, my three synthetic sitegies have
been reportedn the lteratureto achieve such morphologieAmong them, the modification
of the temperature during the synthesis of M@/s (160°C -> 100°C -> 135°C-> 100°C)
induces branch formatidf?! In this manner, e diameter of the asbtained nanowires is
about 300 nm, the length of tmeain branch is about 6 pmand the minorone 2 pm. Here,
the growth of branches may Wavored by the defed points induced by the change of
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temperature. The authors also demonstrated that the molecular weight of the PVP played an
important role in the branch formation during growth.

The addition of a transiton metal ions with an oxidation state of +3,+40#536 in
the colloidal suspension during the growth process has been reported to drastically modify the
shape of the nanowires and induce the formation efyp¥é nanowires®! The diameters of
the branches are typically between 10 nm and 500 nm, and their aspect ratio is between 50
and 10000. For example, Ru(from ruthenium chioride) was usefdr the productionof Y
type nanowiresln this case the ionic speci@say disturb the growth of siver nanowires by
creating nucleation sites at theurface.

Finaly, the input of microwave irradiation during synthesis generates nanowires with
a 'V-shape' morphology. HE irradiation of the colloidal suspension during the growth process

induces the formation of branched siver nancsviwgith a yield of 40%Rigure 14)°%!
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Figure14 Nanostructures produced upoicrowaveirradiation of the colloidal suspension during the growth
process (a) SEM image of-type' nanowires, (b) distribution in morphology of the nanostructdks.

Though a plethora of metalic morphologies are accessible by the polyol approach
today, the chemical synthesis of nanowires withg@d control over the number and

dimension of branches remains a challenge.

1.3. Robust siver nanowire networks
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As already outlined, chemical stabilty issues remain a major limitationhdouse of
siver nanowire in commercial devices. Furthermore, metalic nanowires tlermally
unstable materialsAlong these lines, theequirements for a nanowire transparent electrode
passivation are stringent. For devices such as solar cels and CHiDsnt needs to flow
between the nanowire electrode and the active part of ¢heed Therefore, the nanowire
electrode cannot be fully encapsulated in a-cmmductive layer. Rather, the passivation layer
needs to be both transparent and allow current to flow across i, as Welladde tdolock gas
diffusion and be inexpensiveMoreover, i should also be mechanically flexible and idebly
deposited from solution in a rab-rol compatible, low temperature process to maintain the
advantages of siver nanowire electrodes.

Different strategies to improve the chemical and/ornthé stabiity of AQNWs have
been implemented this last decade. For instance, by encapsulating the NWs by a polymer or
by chemicaly modifying the surface with a layer of inorganic or organic material (metal
oxide, graphene or polymer). However, narfethese approachesiow down sufficientifast

the degradation of thelWswhile having all the properties described in the paragraph above.

1.3.1. Passivation with metal oxides

There are a number of reports on composite electrodes in which metal NWs are
combined wh metaloxides for instance TiO, and ZnO). Since metal oxides are both
conductive and transparenthey have been testeds passivaton materid® ®’! This
approachoffers good chemical and thermal stabilties of the nanowieesl thus a protection
against their degradation. Additionaljthese materialsinduce a decrease of the sheet
resgtance. For example, the resistance of M{/s passivated with Ti@ decreases from 1000
to 20 wWSq when the thickness of the shell is equal to 50 Tima. shrinking of the Ti@ shell
during its formation inducespressure in the network and thbstter connections between the

nanowires. However it lowersthe transparency by 6 percentage positee metal oxides
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affect the optical properties of the NW electraB&S%°! |n additon, the mechanical
properties of the hybrid electrodes are not good in fiexible sulsstiake the unfavorable
interface between TiQand PET®! Corrosion test applied to the Ti@oated and neated Ag
NWs by dipping into aggressive sulfur solution in dimethyformamgt®w that after30
minutes the resistance of the ANWI/TIO, hybrid doubles, whereas unprotected NWhilstx

a 6 orders of magnitudéncrease of sheet resistan@imilar work was performed by coating
Ag NWs with Zinc Oxide (ZnO).In this casehe combination of the Ag NW and the metal
oxide increase the robustness of the electrode during the annealing prodegstunately

the conductivity decreases when actilatmder light. 471

1.3.2. Passivation with conductive polymer and graphene coatings

Coating the siver nanowires networks with one layer of graphene or conductive
polymers can also improve the chemical stabiity as well as the conductvity of the final
devices. For example, conductive PEDOT: PSS incsethee Ag NW fim stability. However,
due b the acidic natureand intrinsic structural inhomogeneity, t has been associated with
several degradation mechanisms and a limted device [ Furthermore, it has
been shown that upon prolonged contact with PEDOT:PSS the electrical properties of the Ag
NWs deterioraté®? Another example demonstrated that transferring graphene monolayers
and graphene flakes onto a transparent electrode di\Wg allowed to lower the contact
resistance between wires and increase the lifetime of the elelftd#@* However, the
process of graphene deposition is costly and, in general, lowers the transparency of the

electrodest®!

1.3.3. Passivation with short organic molecules

Rather than coat the Ag NWs with a passivation flm, another approach consists in the

customization of the surface of the Ag NWs themselves with short organic moleculet prior
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NW depositiord’?°% In one study, siver nanowires were coated with triphenylphosphine
(PPR) in soluton and then deposited as electrodes onto PET. Unlke thsivgiian
approaches described above, netther the initial transparency nor the conductivity was
decreased after coating with RPWfter 110 days at room temperature and under ambient
conditions, the resistance of the Rfplassivated electrode only incredsfrom 10Y/Sq to 60
Y/Sq, whie the bare AgNW electrode increased from 25 to ¥&8y. This result implies
significant encapsulation of the NWs by the PRimating. Ver y recentltwdya s
described the passivationODTo dstial dveelr a niea frha il me
studies were performed over a perlinod hos 8@s:
18% resistance i ncrease for paslssiovwat edr et h
unpassiviaf®d ones.

In summary, for enhanced thermal and chemical stabiity, Ag NWs can be embedded
into a conductive matrix of a metal oxide or an organic conductive medium. However, these
approaches affect the intrinsic propertiestiid siver network, particularly they all decrease
the electrode transparency. Care has to be taken to avoid the detrimental chemical attack of
the siver due to corrosive precursors or their decompositon compounds. Alternative
passivation strategies based on the surfaceificatidn of siver nanowire by short organic
molecules is in its infancy. However, this approackeemsto be a promising alternative since
the molecules do not negatively affect the conductivibgechanical flexibilityor transparency
of the electrode Moreover this methodis very inexpensive,thus contributing to its

commercial viability.
1.4.Outlines

In this clapter, | have gven a brief introductioto the context of this study and
provided information on why silver nanowmeare such promising matesato replace ITO

Nanowire electrodes are ideal for flexble electronics, and their simple room temperature
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coating processes can be easily scaled up to a roll to roll industrial process. Further
investigations of the growth mechanism should be devoted derstand and optimize the
preparation processiore precisely thus contribuing to further modifying and controlinghé
length, diameter and architecturiesthese nanowires. In the last part of this chapter, | have
introduced the most important methodaberated to coat siver nanowires in order to protect
them against oxidation. Within all of these methods, the passivation with a short molecule
such astrioctylphosphineseems to be the most interesting in g&wh performance whie no
modification onthe intrinsic properties of the materiebuld be observed

The most important results reported in this Thesis are divided in three tpartfirst
part of the project(Chapter 2 focuses on experiments | performed on the study of the
mechanism of the yathesis of siver nanowires, the synthesis of ldir@ siver nanowires
and the elaboration of the electrodes. Chapter 3 covers different metboeleped orthe
possibiity of making branched siver nanowires. To end the thesis, the passivation of the
surface of the siver nanowires with graphene and MuAMercaptoundecanoic agichas
been performed in order to improve their chemical stabiitéShapter 4). Aditonal
investigations on the thermal stabiity performed in colabon with Hadi Hosseinzadeh

Khaligh are also introduced in the present manusEfist
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Chapter 2: Elaboration of Ultra-long Silver Nanowire
electrodes

Siver nanowires can be synthesized inexpensively in solution by the polyol method.
But it remains a great chalenge to achieve control over the length and the width of Ag
nanowires, leading to the formation of ufra kigtpect ratio Ag nanowires. Such temls
would find an enormous niche of applcation in the development of transparent and
conductive fims. As outlined in the chapter 1, dlbag nanowires, i.e nanostructures with
an aspect ratio above 500, would improve nanowire electrode condugtiditytransparency.
They would lead to less nanowmanowire junctions in a connected network and thus to
lower resistancE’ 61881871 Some key parameters in the polyol process are known to yield
nanostructures with long lengths: introduction of twldi such as halide sdif§! foreign ions
such as CU or Fe* 878888l o stiring speed or multistep repeating proceSsks.
However, problems such as the uniformity of AgNéameter remain elusive to the scientific
community. Moreover, the output of long AgNWs is still relatively low for mass production
and commercial applications. Here, we wil introduce -elietmical preparation methods for
the synthesis of AgNWs with highaspect ratio and purity that we have developed. Moreover,
the performance of thin flms elaborated from these materials wil be introduced. Along these
ines thin flms were deposited on glass substrates using different methodologies that can
scalable toindustrial manufacturing levels. Finally, the propertie=ported herein wil be

compared with the state of the.art

2.1.Synthesis of long Ag nanowires in ethylene glycol in presence of halides ahd Cu

We first explored the possibiity to produce ulibag nanowires in one step by
optimizing a CuCl2mediated synthesis developed by Shang Wang and cow8f#rs that
work, CuCI2 was used as a chemical precursor for the elaboration of silver halide seeds, PVP
with a molecular weight of 55K was the surfactant and siver nitrate sex$ as siver source.
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This approach vyields to the formation of relatively long siver nanowires, having an average
length of 49.4 +/ 24.3 ym and a diameter of 75-+13 nm, resulting in an aspect ratio
(length/diameter ratio) of 686. By modifying some kegrameters known in the lterature to
alter nanoparticleds size (temperature, mo |l e

the addition of Br), we explored the possibility to produce longer N{iigure 15.

CuCl, or NaBr,Cu(NO;),
Ethylene Glycol, PVP1300K

160°C

¢
n

Purification

AgN03

™
¢

Figure 15 Scheme of the synthesis of ullemg silver nanowires adopté]d’el

We summarize below some of the most interesting results

2.1.1. Experimentalsection

Protocol 2.1 Ag NWs synthesized in presence of AgClI

In a 50 ml threeneck rounedbottom flask, 20 ml of ethylene glycol (EG) weheated
at 160 °C (temperature of the oil bath) for five minutes. 2 ml of a solution of, €Ol in
EG with a concentration of 4 mM were prepared and added to the previous one. After 10 min,
20 ml of the mixture of AgN@ (0.12 M) and PVPL300K (0.36 M) wee injected into the
solution. The stirring rate was at 100 rpm during the entire growth pro&fssa gven time
(depending of the reaction conditions) the reaction medium turned from transparent yellowish
to grey indicating the formation of the nanms. Once this color change was observed, the
mixture was refluxed for one additional hoilihen the flask was put in an ice bath for a few
minutes in order to reach room temperature.

After the synthesis, the -axbtained product requires some purificatiolndeed, a
mixture of nanowires and nanoparticles was obtained. The colloidal suspension was purified
according the following process: a slow addition of acetone (40 mL) into the reaction mixture
(10 ml), in a 50 mL centrifugation tube, leaded to theregggion of the wires and their

deposition on the bottom of the flask. The supernatant containing nanoparticles was discarded
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and the precipitated nanowires were redispersed in a solution of3BMR diuted in water
(10 ml). This step was repeated 4 times

Protocol 2.2 AgNWs synthesized in presence of AgBr

The experimental conditions were similar to the protocol 2.1 except that the initial
reaction medium contained NaBr (0.28 mM) and Cu {N@.14 mM) instead of Cugl The

temperature was set at 130.

2.1.2. Analysis of the morphology of the siver products

Dark field microscopy

200 p of solution of siver nanowires was mixed with 1.5 ml of ethanol and a few
drops of this mixture were deposited onto a glass substrate that was subsequently in an oven
setat 70°C for 10 minutes. The substrate was then observed with a dark field microscope

(LEICA DMI3000M) for visualization.

TEM analysis
Transmission electron microscopyM400EM)| usm
electron microscop20 JKEWL Fprerahisng patpose, (

used to perform the dark fielodatamalcyospperway i

Calculation of the mean diameter and | eng

The anal ysifsi edfd tamel DO&MVKk atmageisc atlo il toa inta
l ength and diameter of the nanowires was pe|
of t he nanowires hawfei eb@eni mnmgasur(eadt omreadar
measured) .

Calculation of twieredeld of silver nano

The calculaton of the concentraton in *Agvas performed by ICP analysis

(Inductively Coupled Plasma Spectrometry). 10 ml of the solution were redispersed in 45 ml
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of acetone. Once the siver nanowires precipitated, the supernatant was removedldThe
phase was then redispersed in a mixture of water/acetone (v/iv 10/35) and centrifuged for 10
minutes at 4000 rpm. This step was reproduced three times and the siver nanowires were
finally redispersed in 20 ml of ulppure water. A few militers bthe previous solution were

then redispersed in a mixture of HN@nd water for analysis.

UV-Vis absorption spectroscopy

Siver nanowires exhibit plasmon modes in thdV/visible range. Information
regarding the size, shape and aggregationaabparticles could be extracted from isible
absorptionspectra.The absorption spectra were recorded in the range of ABD nm with an
UV-3600 ShimadzuJV-Vis-NIR spectrophotometer200 W of solution of siver nanowires
were mixed with 1.5 ml of war in atenrmm optical path length quartz cel. Thata were
recorded and treated with UVProbe software.

NMR (Nuclear Magnetic Resonance) Analysis

'H (300 MHz) and"*C-{*H} (75 MHz) NMR spectra were recorded on a Bruker DPX
300 spectrometertH and *C assignments were confrmed with the use of two dimensional
'H-1H cosy, H-*C-HSQC and 'H-13C-HMBC NMR experiments. Al spectra were
referenced internally to residual pregolvent ¢H) or solvent {°C) resonances, and are
reported relatve to trimethine (d = O ppm). Chemical shits are quoted in d(ppm),
coupling constants in hertzs whist "s" stands for singlet, "d" for doublet, "dd" for doublet of
doublets, "t" for triplet and "m" for mukiplet.

To identfy the volatle species formed by polyolxi dat i on t he Acl as
synthesisin presence of NaCl in 1,@ropanediolwas performed. Instead of performing this
process under refux, the vapors were condensate into a cold trap to be analyzed by

NMR [109.110]
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2.1.3. Results and discussion

A TEM image of the AgNWSs synthesized according to protocol 2.1 is shown in Figure
16. As is typical with the polyol method, the synthesis yielded a mixture of nanowires and
nanoparticles.After purificaion according the protocol 2.1, the nanowires could be isolated,

having a length and diameter of 33 pm # pym and 400 nm +B85 nm, respectively

..................

X x w W e (% 1} ) 0 oo n n 1l a0 o il

“:I

Figure1l6 TEM image and size distribution of nanowires produced in the presdi@eCh (160°C).

In the following experiments, we kept all the parameters constant (3:1 PVP:AgNO
molar ratio, 1:300 Cu@AgNOs3, 160 °C growth temperature, ethylene glycol and 100 rpm

stirring rate) except the parameter being investigated.

Effect oftemperature

The temperature at which the reaction is conducted is known to be an important
parameter for Ag nanowires synthesized via the polyol process in ethylene glycol.
Experiments were performed at 140, 150, 155 and 160 °C. The change in nangjtirarien
diameter with respect to the growth temperature is plottdéigime 17. When the temperature
of the growth medium was reduced from 160 °C to 150 °C, the nanowires increased in length
and decreased in diametdfiglre 17), both helping to improvée nanowire aspect ratio. At
150 °C, nanowires with an average length of 105 pm5€& pm were synthesized but their
average diameter was rather large: 245 nm 8J nm. Further decrease in the reaction

temperature (140 °C) increased the number gfroyglicts.
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Figure17: Evolution of the length (right) and the diameter Jleff the silver nanowires with threaction
temperature

Effect ofreplacement of Cby Br

There are reports on the effects of bromide ions duringptitgol processclaiming
that Br favors the formation of thinner siver nanowif€s’”1  Moreover, he AgBr
precipitates Hat have been formed in the early stage of the reaction serve as seeds-for multti
twinned particles (MTPs)decreasinghe amount of free Agions in solution.In this manner,
the kinetics of the reduction process of AgN® slowed dowrand the differencein solubility
between AgQCl and AgBr favors the formation of more siver halide nuclei and thus the
formation of thinner Ag NWs. By completely repiags CI' by Br in the polyol medium, we
were not able to obtain siver nanowires. Thus;oatrolledincrease of the quantity of Bwas
necessaryin order to promote the growth of siver nanowires. Figure 18 shows, nanowires
with an aspect ratio of 870 that could be produced for a ratip /[BAg] = 0.93. In this case
the average length and diametefr the nanowires obtained a0 pym +# 55 pm and 138 nm
+/- 56 nm respectively (Figure 18. Some nanowires as long as 410 pm with the same
diameter could also be observedder these experimeat conditons. On the other hand, a
further increasen the @ncentration of [Bi allowed to reduce the diameter of the nanowires
effect accompanied by an importamtreasein the amount of byproducts.On the other hand

by following protocol 2.2, where Tis completely replaced with B([Br'] = 0.28 mM and
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[CUP*] = 0.14 mM), we observed the formation afmajority ofsiver nanospheres and a few

wires.

L4

]

Number of \II\\'I' NANOWIIes
v
Number of silver nanowires

’ . + . . ;
A 20 X0 <

Length (um) Diameter (nm)

Figure 18 Dark field image of Ag nanowires produced in the presence tf&hd BF at 150°C together with
their length andliametersize distributiors.

2.1.1. Closing remarks

The synthesis of Ag nanowires performed in ethylene glycol medium in the presence
of copper ions and haldes {Cand Br) yields the formation of relatively long and thin
nanowires. By varying the reaction conditions such as temperature, reagent concentration, and
presence of bromide ion, it was possible to achieve nanowires with an aspect ratio of 870.
However, the above edcribed synthesis yields to the formation of a large amount -of by
products (spheres, cubes). Several stages of purification were thus necessary to obtain Ag
NWs with a highyield in morphology. Unfortunately, after the purification step the amount
of siver NWs was so low that the quantity avaiable was not enough for the fabrication of

electrodes.

2.2.Synthesis of ultrdong Ag nanowires in 1,2 propanediol in the presence of halide

By exploring the possibilties of upcaling the synthesis of Ag nanowirls industry
(Solvay) during the posdoc of Marie Plssonneau in ICMCB (Université 8erdeaux), we
discovered thatwe could successfuly fabricate siver nanowires with uniform shape using
AgNOs as the precursor, PVP as the capping agent, NaCl as the aae 1,2oropanediol as

both the reducing agent and solveRiggre 19)°4
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Figure19 (Left) Comparison of the yield of silver nanowires in-prdpanediol vs ethylene glycol during the
growth processRight) SEM image of Ag nanowires fabricated in 1,2 propanediol

For the first time, it hadeen shown that using }zopanediol instead of the typical
ethylene glycol as the solent allows for the fabricaton of nanowires in higher yield (i.e.

reduced number of nemanowire products) and within a shorter period of time. Furthermore,

it was obseed that the amount of kyoducts was considerably reduced in these
experimental conditiori&#!
The mechanism of formation of siver nanowires in ethylene glycol has been

investigated by several research groupdgufe 20), but no attempt has been done to
investigate the redox mechanism from alternative polyols such aprdpdnediol. We have
tried to get further insight into this subject by performing a NMR analysis eprbanediol

under relevant experimental condiions.

120-190°C
A 2 — 2 Y 4+ 2H,0
HO  OH 0 \‘ o  OH
acetaldehyde +2 M~ >> « +2 M0
/‘.f HO o}
120-190°C HO 2H.,0 /"'
B. SN o} 2 + 2
> o on *t 92— 2
0O
glycolaldehyde (GA)

Figure20. Reducing species upon dehydration of ethylene glycol. In theegmce of oxygen, ethylene glycol can
also form glycolaldehyde.
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NMR investigations were conducted in order to determine the oxidation product of
1,2-propanediol. The volatie species were trapped in a cold trap before NMR analysis.
Furthermore, 1D and 20H and 3C NMR experiments reveal the formation of acetone,
characterized by a singlet at 2.2 ppnHgLin 'H NMR and resonances at 207.0 ppgd+0Q)
and 30.9 ppmQHsC=0) in *3C NMR, and of 2,2 4rimethytdioxolane, characterized iH
NMR by a doublet afl.27 ppm {CH(CHs)), two singlets at 1.36 and 1.41 ppr€(CHs)2)),
two doublet of doublets around 3.92 and 4.05 pptdofCGand a multiplet at 4.22 ppm KGJ.
Moreover, the'3C NMR spectrum showed typical resonances detected at 27.2 and 25.9 ppm
((-C(CHs)2)), 18.6 ppm{CH(CHa)), 72.0 ppm {CH(CH3)0), 70.8 ppm+CH,0) and 108.7
ppm ¢O-C(CHs)2-O) which is fuly consistent with the formation of 2, Zrinethyt

dioxolane Figure 21).

0
Ko
Ho/\(OH rropand 1,2PDol ,
O
™\ o B0 o o
‘ P

-H,0

1,2-propanediol

Acetone 2,2,4-trimethyldioxolane

Figure 21: Mechanism of oxidation of 1j@ropanediol accordintp
preliminary NMR investigations.

Acetone probably arises from the dehydration of-f@dr@anediol whereas it is
postulated that 2,2.#imethyldioxolane forms by an acetalization reaction catalyzed with a
Lewis acid (a siver cation) between acetone andpiopanediol. Surprisingly, ppanal,
which is the most favorable kinetic product, was not produced during this process. The
formation of acetone instead, which is harder to form but a more stable intermediate, was
detected. Additional experiments need to be performed in the futuredam t understand
how the formation of acetone (in the case offdr@panediol) leads to an improvement of the

AgNW synthesis compared to acetaldehyde (in the case of EG). In particular, we plan to
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perform gas chromat ogr ap hycting Ge&E Vvolatid icompownd t u o
formed during the polyol process into the entry of the chromatograph.

Taking into account these interesting findings we have explored the possibiity of
generating ultrdong nanowires in 1;propanediol medium. In a typicaprocess, the
synthesis of siver nanowires consisted on the hot injection of both siver nitrate solution and

PVP-1300 K in a reaction medium of Xopanediol and Cht 140 °C Figure 22).

Pe Purification

o0

HCI, 1,2-Propanediol, PVP-1300K
140°C

AgNO,

Figure22 Scheme othesynthesiof silver nanowires in 1-propanediol.

2.2.1. Protocols:

Protocol 2.3

In a 100 ml three neck bottom flask, 30 ml of-pr@panediol (Pdol) were heated at
140 °C (oil bath temperature) for 45 minutes. THennl of a solution of HCI diuted in 1:2
propanediol 3mM) was quickly added. After 10 min, 15 ml of AghQ@lissolved in 1.2
propanediol (94 mM) and PVP300K dissolved in 1-propanediol (147 mM) were injected
drop-by-drop (45 ml per hour) into the solution. The stirring rate weisat100 rpm during
the ente process and the reaction time was set at 1 hour. Once the reaction is completed the
flask is cooled down to room temperature with an ice bath. Finaly, a single purification step
was applied to the final solution and the product was redispersed ih dG@tmanol.

Protocol 2.4

Protocol 2.4is the same as protocol 2.3 except the initial volume ofpigpanediol

was increased to 32 ml, 35 ml or 40 ml.

2.2.2. Results and discussion
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Figure 23 shows a dark feld optical image as well as the size distribofitins siver
nanowires synthesized following protocol 2.3. Under these experimental conditions, we could
produce long nanowires with an average length of 112 pn®8/pm in high yield but with a

relatively thick diameter 275 nm).

10 L=112+/-58 um
) /

Number of nanowires
3

Number of nanowires
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—
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Figure 23 (Top) Dark field image of the silver nanowires produced in 1,2 propan
(protocol 2.3) and their corresponding sizgtdbutions in diameter (Bottom lgfand
in length Bottomright).

Even though the results obtained with Proto2d are not iddawe realized that \b
simply varying the concentration of the reactants in the medium we could produelengitra
nanowires with smaller diameter in high yi€lorotocol 2.4).The overall trend is that both the
average length and diametelecrease when the concentration of' Ag decreased in the
reaction medium Higure 24). Interestingly, for a certain concentration range, 19.3 mM <
[Agt] < 20.4 mM (highighted in purple idrigure 24), the length is slightly higher than that
of the origial Ag" concentration (21.7 mM) whie the diameter is reduced by a factor of two,

thus resultingin a much higher aspect ratio.
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Figure 24. Plot of the diameter and length of the nanowires as a function of the initial concentifadigh
developed following Protocol 2.4.

A selection of 3 batches produced with a silver concentration of 20.1 mid, i
and 19.3 mM are shown inigare 25. The siver nanowires not only become thinner but also
more homogeneous in diameter than thegethesized with the protocol 2.3. Moreover, the
number of ultralong siver nanowires in the batch increases from 45% to 80%. In agreement
with what we observe in Figure 24, the number of ldirgy siver nanowires is very high
(86%) when the siver caeentration is equal to 19.6 mM. However, a further decrease in
siver concentration induces lower amount of tltmdg siver nanowires (57%). Importantly,
the reaction (in 1-Pdol) typicaly poceeds for 8 minutesand the amount of the product
obtainedis 20 mg for a volume of 10 nfivhereas in ethylene glycol the amount obtained is
0.13 mg for a volume of 10 ml)Such concentration is high enough to fabricate several

transparent electrode samples.
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Figure 25 Dark field images and the corresponding size distributiodlg NW produced for different [Ag in
the reactional medium.
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1000 to 1130).

Moreover, t he

pr opl oorntgioo ni so fal

significantly increased (i.e. more than 80% of the wires obtained in one batch can have

lengths > 100 pm). However, the diameters obtained agerldhan 100 nm which is larger

than desired and strategies to decrease diameters such as the additon of KBr in the medium

have to be investigated in the future. Interestinghg
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As already reviewed in Chapter 1, investigatons on the elaboration of transparent

electrodes based in ukkang siver nanowires started in 20%2. The siver nanowires

presented in this Thesdo not have the best aspect ratio of the lterature but have higher

length in comparison to previous ulicng siver nanowires synthesized by the polyol

process (seegtire A). Very recently, ultrdong siver nanowires with an average length equal

to 220 pm (aspect ratio more than 4000) synthesized via an hydrothermal process have been

reported. Nevertheless, such approach involves a much longer reaction time (8 hours) than

that presented hel®! Other works reporting the formation of ulkeng siver nanowires do

not lead to satisfactory yields in terms of inorganic nanoWifés.

Polyol Process
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70 pm
6l nm

2014
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Figure A:Evolution of the length of the ultdang silver nanowires published in the literature fra@i4 to

2018[65,86,87,89,90,108,111,112]
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2.3. Fabrication of transparent electrodes based on &g siver nanowires

This section focuses on the physical properties of siver nanowire networks based on
the ultralong nanowires produced abovéhree different batches of Ag nanowires were used
in order to elaborate¢hin fims: Agl35 (d=135 +/43 nm and L = 135 +/51 pm), Agl24
(d=124 +f 25 nm and L = 130 +/36 pum) and Agl01 (d=101 <425 nmand L = 114 +/43

um). Fims were deposited on glass surfaces using three different deposition methods: Mayer

|
-— ‘ a%;
c)

a) b)

rod coating,spin coating and spray coatingigéie 2.

Figure 26 Schematic representati of the three technigques used here to deposit the nanowire film: a) Mayer
rod, b) spray and c)sn coating

Two types of glass substrates were ugtath glass (2.4 cm x 3.2 cm and thickness of
0.17 mm) and Corning glass substrates (2 cm x 2 cm and thickness of 1 mm). The Mayer rod
is the most widely usedleposition process in the group of Prof. Irene Goldthorpe at the
University of Waterloo. The spitoating and the spray coating depositon methods were
investigated via a collaboration with the group of Daniel Belet in LMGP (Laboratoire des
Matériaux et du Genie Physique) in Grenoble, France. The experiments were performed with

the help of Dorina Pamastasiou, a PhD student in the LMGP laboratory.

2.3.1. Fim fabrication and characterization

Mayer Rod Coating

Mayer rod coating is a method that is scalable to industrial manufacturing levels. The
method is easy to operate and allows one to get thin films of a desired thickness. The

thickness of the thin flm depends on diameter of the metal wires that wrap atwind
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rod. For instance, with a Mayer Rod RDS 10, the theoretical thickness of the deposited fim is
25 pmt3l The characteristics of the Mayer Rod used to fabricate the transparent seitwork

this work are detailed inigure 27

Mayer Rod RDS 10

Length of the Rod= 400 mm
Diameter= 12,7 mm
Distance between two wrap
wires : d=0,254 cm
Stainless Steel

c)

Area =70 uny
d . . '

Figure 27: a) Picture of the Mger Rod use in this stly, b) Magnified image of the Mer rod evidencing the
wrappedwires, ¢) Schematic representation of the cross section of the Mayer Rod

The solutions of siver nanowires were diuted to obtain different concentrations: 1.5
mg/ml, 1 mg/ml, 0.5 mg/ml and 0.25 mg/ml. A first series of deposition was performed on a
Corning glass substrates.c4o at i ngs steps of 35 Ol of AgNW s
cm x 2 c¢cm glass substrates in 4 dArt hloggloA ad nd
270A) t o obtain a random Nevés of gahinwilmy were Mor e
performed on Roth glass substratescdo at i ng steps of 50 Ol of
developed on 2.4 c¢cm x 3.2 c¢cm gl atsai ns uab srta mdc
NW net wor k. Finally, a ther mal treat ment of
(Ag135 and Agl124) and 160 AC for the ‘thinne
annealing temperatures werezehsedermrtafrteesri saan

Spray Coating

Spray coating is a very interesting depositon metthoel toits ease of production at a
large scale and the possibiity of coating thege areasubstrates. This technique consists

forcing solutions of Ag nanowise through a nozzlevhile dfferent parameters alow one to
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get homogeneous thin fims: distance between the nozzle and the substrate, the flow rate
the pressure and the temperature of the subSttdke.

In LMGP, an automatic spray coathas beerbuit. The solution of synthesized siver
nanostructures was introduced into a spray head with a syNwje. that this spray is not a

classical spray coating with ultrasonic nozzle but admst airoperated too(Figure 28.

= AIRBRUSH PAC
lgpl CONTROLLER
- .

LMGP
oo e
o)
|
W s

Figure 28 Schematic representation of an automatic spray coating deposition system built in Gké@Bble.

Once the solutions converted into droplets, thegre propeled ontaa hot substrate.
The movement of the spray is performed in both X and Y directions. The parameters of the
depostition process used in the folowing work was determined by taking into account
previous studieS> The temperaturef the substrate was set at 90, the distance between
the spray head and the substrate at 4.5 cm, the solution concentration at 05 tme. fidw
rate at 4 droplets / 20 seconds, the pressure at 3 bar and the aperture of the airbrush at 0.4 mm.
Depending on the sheet resistance desired, 2 cycles of 2 PC (crossed passing) toedePC w

applied to spread the solution. Deposition was performed on both Roth and Corning glasses.

Spin Coating

The spin coating depositon method invoMe®e deposition ofa drop of a solution
onto a substrate in rotation. Thanks to centrifugal forces, the solution is spread over the

surface of a given substratalowing the efficient preparation obfmogeneous thin fims®!
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However, the spin coating process has some limitations: (i) it is @saadable process and

(i) the nanowiresare often orientated radially from the middle of the electrode due to the
centrifugal forces induced by the rotaton of the subsffdte In this PhD study, the
parameters of depositon were adjusted in order to get a random and homogeneous network.
Two coaing sepsof 0.5 ml of a solution of AgNWs (0.1 mg/ml) were performed drop by
drop. The speed of the rotation of the substrate was 1500 rpm and a period of drying of 30 s
was necessary between each deposition SteThe initial ®lution of siver nanowires was
diuted to 0.1 mg/ml and 2 times 0.5 ml of the solution was deposited onto the glass substrate
in movement.

SEM characterization of the networks

The different thin fims obtained were characterized using scanning electron
microscopy (SEM). The SEM used was a FEI Quanta FEG 250 with a field emission electron
source in LMGP in order to visualize the configuration of the network and to calculate the
areal mass density. It has a spatial resolution of betw@emmiat 30 kV ath 3 nm at 1 kV.

Image processing

SEM characterization alowed us to calculate the network density on a sulbByrate.
using the software Image J, the areal mass density (Amd) of a given network could be
evaluated. 2 processing steps of the SEM images f&raiecessary before the measurement
of the area: () The SEM images are frst smoothed (ProcesSmooth) and normalized
(Process-> Enhance contrast), (i) then the image is mhhary (Process> Binary -> Make

binary) which converts all pixels ateither white or blackolors (Figure 29
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Figure29 Example of image processing: () Smoothed SEM image and (i) image after the binary pBredss.
bar=200 pm.

By using imageJ, the area covered by siver nanowiéck area) was measured.
Furthermore, the calculations after processing of the SEM image consisted in calculating the
equivalent total length. The value of the black area was divided by the value of the average
diameter of the siver nanowires and thesuleis then divided by the value of the average
length of the nanowires. After dividing by the area of the picture, we obtained the number of
siver nanowires per unit area.

The pentagonal cross section was then calculated follothiagfollowing expression

(2-1):

! 2-1)

The length of the silver nanowire multiplied by the cresstion allowed us to obtain
the volume of one siver nanowire. By multiplying this volume by the siver density (1.049 x
10® mg.um®), we obtained the mass of one silver nanowire. The number of siver nanowires
per unit area was then muliplied by this mass leading to the areal mass density that could be

extended to the whole sample.
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Electrical characterizations

The electrical properties were evaluated by measuring the sheet resistance of the thin
films by a2 or a 4pointprobe systemFirstly, two paths osiver paint were deposited on the
two opposite edges of the electroded by making the contact with the multimeter, the
resistance of the network was then evaluated. In the case of a thin fim, the resistance R could
be related to the sheet resistangeviR the formula: R = (/W)X Rs where L is the length of
the fim between the two silver conductive bars and W is the width of the fim. The quality of

the contact between the siver conductive bars, the siver network and the probes had to be

a) +| | b) +|

v t ! t

Figure30. Schematic representation of the a) {@mint probes and b) fotypoint ones.
very good ¢ avoid losses and to have an accurate evaluation of the electrical resistance of the
network.
The sheet resistance can be more accurately measured by using -jheinfoprobe
method. This approach is better than thgo-pointprobe because it minimze the
contribution of contact resistance (Figure )J3MHowever in the case of AgNW networks the

probes can induce local damage at the contact location.

Optical Characterization

The transparency of the thin fims was measured using a-VEWIR
spectrophaimeter (Perkin Elmer Lambda 950) equipped with an integrating sphere. The

beam of photons iluminatehe specimens at normal incidencé&igre 3J). Either total
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transmittance, which includes both unscattered and scattered transmited light, or diffuse

transmittance, which includes only scattered light, could be measured.

Detector Deetector
St r. 4

Incident light Incident Light

White plate Light Trap
Integrating sphere Integrating sphere

Total transmmttance [hiffuse transmittance

Figure31: Schematic representation of the integrating sphere of-&i¢MIR spectrophotometer. The sap is
equipped with a light trap in the case of measndiffuse trans mittancé!”!

In-situ thermal annealing

The impact of thermal annealing on silver nanowire networks produced in this work
was investigated by using an in statup developed in LMGP in Grenobl&idure ). The
electrode was left on a hot plate connected to a temperature controller (Eutherm model: 3504
series)that allows the control of annealing rantppe and temperature. Thanks to appropriate
software (LabVew), the temperature of the hot plate could be colled#ateover, wo paths
of silver paint were needed to make the contact with the digital multimeter probes (Keithley
2400 source meter). The electrical resistance was then measured whie the tesmpersitur
varied a ramp of 5°C/min from room temperature (~2Z2°C) to 400°C was applied. In this

way, the temperature at which the resistance was aumi could be found.
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Thermal annealing
(in situ electricol measurement)

Keithley
sourcemeter

Hot plate

Temperature controller
{t, 7°C)

Figure 32 Schematic representation of the Theramhealing setip.

2.3.2. Impact of thedeposition methodon the network properties

Ultra-long nanowires were easily processed into transparent conductive Higose
33 shows the SEM images of the thin fims of the same nanowire solution (Ag 124) deposited

by the three different deposition methods (all of them performed on glass substrates)

Figure33 SEM image of a suspension of Ag124 deptesl by aspin Coating, b) Mayerod coating and c)
spray coating.Scale bar = 100 pm.

At frst glance, there is a dependence of the depositon method used on the
homogeneity and uniformity of the nanowire network. Some alignment of nanowires could be
observed due the radial deposition when the solution was deposited by spin coating, whereas

some circular siver nanowires are formed upon deposition via spray injection. Nevertheless,
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