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Abstract 

 
Transparent electrodes are a necessary component in a number of devices such as solar cells, 

flat panel displays, touch screens and light emitting diodes. The most commonly used 

transparent conductor, indium tin oxide (ITO), is expensive and brittle, the latter property 

making it inappropriate for up-and-coming flexible devices. Films consisting of random 

networks of solution-synthesized silver nanowires have emerged as a promising alternative to 

ITO. They have transparency and conductivity values better than competing new technologies 

(e.g. carbon nanotubes films, graphene, conductive polymers, etc.) and comparable to ITO. 

Furthermore, these silver nanowire films are cheap, flexible, and compatible with roll-to-roll 

deposition techniques. The main objectives of this PhD work are to improve the properties of 

silver nanowire electrodes and to study and solve issues that are currently hindering their use 

in commercial devices. Specifically, I studied the important areas of electrode conductivity 

and stability. To increase the conductivity of nanowire electrodes, two silver nanostructures 

different from what is commercially available were synthesized i) ultra-long nanowires and 

(ii) branched nanowires. Regarding (i), by using 1.2-propanediol as the medium rather than 

the typical ethylene glycol in the polyol synthesis process, as well as the molecular weight of 

PVP, the temperature of the process, or the concentration of silver nitrate, we obtained silver 

nanowires with an aspect ratio between their lengths and diameters of 1050. Among all the 

ultra-long silver nanowires elaborated in polyol process reported in the literature, they have 

the maximum length. The synthesis developed is also cheap and the reaction time takes less 

than 2h. Moreover, they have a high yield of 2 mg/ml. Electrodes with a sheet resistance of 5 

ɋ/Sq for a transparency of 94% were obtained (with post thermal treatment applied). 

However, this post-deposition anneal is shown to have a small influence on the decrease of 

the sheet resistance. It is thus not required to elaborate electrodes with good performance, 

which is very advantageous for the elaboration of electrodes on plastic substrates. Regarding 
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(ii), ñV-like shapeò or ñY-like branchedò nanowires were elaborated thanks to the input of 

ultrasonic irradiation during the polyol process. Unfortunately, their length being short (6 

µm), 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 monocrystalline. Concerning the stabilities issues, the thermal stability of silver nanowire 

electrodes coated with graphene was investigated. This coating allows a better homogeneity 

of the heat through the network, decreasing the number of hot spots and thus increasing the 

lifetime of the electrodes. The corrosion of silver 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 silver 

nanowires. Lifetime testing showed that the electrode resistance increased more slowly (12%) 

than any other passivated electrodes reported in the literature. Furthermore, unlike many other 

passivation methods, the MuA molecule itself does not negatively affect the conductivity or 

transparency of the electrode and is very inexpensive, all contributing to the commercial 

viability of the passivation method. 
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Nanomaterials, Colloidal synthesis, Polyol process, Silver nanowires, Optoelectronic, 

Films, Transparent electrodes 
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General Introduction  

 

The topic of this thesis is focused on the development of transparent conductive materials 

which play a large role in electronic displays, transparent heaters, solar cells, light emitting 

diodes, touch screens and many other technologies.[1] These types of materials are continuing 

to attract growing interest due to the high demand for personal devices. Currently, indium tin 

oxide (ITO), and more generally transparent conductive oxides dominate the market as the 

most mature technology showing excellent transparency (above 80%) combined with low 

resistivity (of the order of 10-4 W/cm). However, they are prone to cracking when 

mechanically bent, are costly, and require high-temperature fabrication processing to reach 

the best performance. Recent discoveries in nanomaterials have opened up an important 

opportunity to develop a new class of transparent electrodes suitable for optoelectronic 

devices, generating alternative materials to ITO. Of the various candidates, films consisting of 

random networks of solution-synthesized silver nanowires have emerged as a leading 

candidate. Silver nanowire films have transparency and conductivity values better than 

competing new technologies (e.g. graphene[2], carbon nanotubes films[3], conductive 

polymers[4]) and comparable to ITO[7],[8]. And silver nanowire films are cheap, mechanically 

flexible, and compatible with roll-to-roll deposition techniques. Although these nanomaterials 

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 alternative to ITO.  

Key problems this research addresses. The 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, the price of indium is 

high and volatile, and has various supply concerns. This is the first 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 suitable for flexible displays, flexible solar 

cells, and other up-and-coming mechanically flexible 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 deposition 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 little of it is used such that the material costs of 

the nanowire electrodes are less than half that of ITO. Because nanowires can endure higher 

elastic strains than thin-films, silver nanowire networks are very mechanically flexible. 

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 will (i) improve their conductivity and transparency and (ii) 

tackle their lifetime and stability issues. Silver nanowires can be synthesized inexpensively in 

solution by the polyol method. To improve nanowire electrode conductivity and transparency, 

we explore the possibility to synthesize nanowires with sizes, shapes and architectures that are 

different than those of the materials that are commercially available. Longer nanowires will 

lead to less nanowire-nanowire junctions in a connected network and thus a lower resistance 

will be attained. Similarly, 2D branched nanowires, rather than 1D nanowires will also lead to 

less inter-nanowire junctions.  

 The lifetime of nanowire electrodes is currently shorter than ITO. To improve 

nanowire stability, we will investigate the possibility of passivating the surface of the silver 

nanowires with short organic molecules to protect silver against oxidation. To assess thermal 

stability and the lifetime of an electrode consisting of passivated nanowires, a DC power 

supply is used to pass a current across the electrode for an extended period of time and the 

sheet resistance of the electrodes will be measured in real-time. A 2D thermal mapping of the 
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films is obtained using an infrared thermal imaging camera to assess the amount of Joule 

heating and temperature variation across the film.  

 Overall, this research is focused on developing nanowire-based electrodes as a more 

viable alternative to ITO. In this manner, the non-ITO transparent conductor market is 

predicted to grow from $206 million in 2013 to $4 billion by 2020. Such 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, nanowire electrode materials 

will enable the development of new devices, particularly mechanically flexible electronic and 

optoelectronic devices, resulting in direct economic benefits for those companies involved.  

 This thesis project is part of the IDS-FunMat program (International Doctoral School 

in Functional Materials) and involves two universities: the University of Waterloo in Canada 

and the University of Bordeaux in France. The synthesis of inorganic nanoparticles has been 

widely investigated in the research group ñChimie des Nanomat®riauxò in ICMCB (Institut de 

la Chimie de la Matière Condensée de Bordeaux). On the other hand, the expertise of 

integrating these particles into materials, their electrical characterization and the 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 GSM (Groupe Spectroscopie 

Moléculaire) in ISM (Institut des Sciences Moléculaires). Along these lines, such a 

collaboration enabled us to take a combinatory approach using knowledge and techniques 

from materials science, chemistry, electrical engineering and spectroscopy.  

 This thesis consists of four chapters. Chapter 1 can be considered a literature review 

and provides the context of the thesis as well as discussion of many of the works that have 

already been undertaken by other groups. It is focused on the possible applications of the 
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transparent conductive electrodes and the impetus behind the drive to replace indium tin oxide 

by silver nanowires thin films. In Chapter 2, we report how to achieve ultra-long nanowires 

and discuss the electro-optical properties of 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 in-depth description of the thermal and chemical stability 

issues of the silver 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.  
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Chapter 1: Introduction to transparent conductive materials  

In this first chapter, I give a brief introduction of transparent conductive materials 

emphasizing the importance of using silver nanowire electrodes as an alternative material. 

Aside from providing general considerations and a review of the state of the art of electrode 

properties like sheet resistance and optical transmittance, I will highlight some of the current 

challenges of electrodes based on metal-nanowires that have to be overcome. The synthesis of 

silver nanowires will be then described through an explanation of the parameters that 

significantly affect their formation and their dimensions. This work will further highlight the 

current efforts to produce ultrahigh aspect-ratio nanowires as well as architectures other than 

one dimensional metal nanostructures. Moreover, a range of practical post-treatments to 

increase the chemical and thermal stability of the electrodes will also be discussed. 

 Transparent Conductive Electrodes 1.1.

Transparent conductive materials are crucial components in numerous optoelectronic 

devices such as thin film solar cells, touchscreens, electromagnetic shielding, light emitting 

diodes and many other display technologies.[4] They are often used in these optoelectronic 

devices as electrodes and their characteristics are application dependent (Figure 1). For 

instance, touch screen displays need an electrode sheet resistance in the range of 50-500 ʍ/Sq; 

however, a sheet resistance as small as 10 ʍ/Sq is required for solar cells.[5]  

Figure 1: Sheet resistance requirements for transparent electrodes, depending on 

the application. 
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 Doped metal oxides are the most commonly used materials in the electronic industry 

for transparent electrodes, in particular indium tin oxide.[4,6],[7],[8] The later has a low 

resistivity (Rsheet < 20 ɋ/Sq), a high transparency (Transmittance > 80%) and allows a  precise 

control of its thickness and doping concentration.[6] However, the price of ITO tends to 

increase over time due to the scarcity of indium and its high cost of manufacturing (high 

vacuum and high-temperature processing (T > 300°C) is required). Further, the elevated 

processing temperature severely limits the choice of substrate materials. While ITO electrodes 

on glass typically provide a sheet resistance in the range of 8 - 15 ɋ/Sq, for ITO on plastic 

substrates, e.g. Polyethylene terephthalate (PET) or polyethylene naphthalate (PEN), which 

do not allow heat treatments higher than 150°C, the sheet resistance is significantly higher (on 

the order of 60 - 300 ɋ/Sq).[9],[10] Moreover, the optical transparency of ITO is limited for 

films with a low sheet resistance. Other metal oxides such as aluminium doped ZnO and 

fluorine doped SnO2, in general come with similar issues.[8,11] After decades of research, ITO 

remains the most important transparent conductive oxide, as of yet. Aiming for mechanically 

flexible, large-area, high-throughput optoelectronic device manufacturing, alternative 

concepts for the realization of (ideally) vacuum-free, low-temperature processed, scalable, 

flexible, highly transparent and conductive coatings are needed. These potential alternatives 

are described in the next section. 

1.1.1. The polyol process 

Polyol synthesis of Ag NWs is the most promising synthetic approach in terms of 

yield, implementation, cost and shape control. In a typical silver nanowires synthesis, the 

polyol solvent (HOCH2[CH(OH)]nCH2OH) ,which also acts as the reducing agent of silver, 

allows the reduction of an inorganic salt precursor (for example AgNO3) at high 

temperature.(Figure 2) Polyvinylpyrrolidone (PVP) is added as a shape controller, promoting 

the anisotropic growth of the wires. The silver nanowires obtained through this self-seeding 
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protocol generally have diameters on the order of a few tens of nm and lengths of several mm. 

Moreover, the yield is about 60-70% and the co-products (i.e. nanocubes, spheres etc) have to 

be removed by purification. A few grams of Ag NWs can be obtained in a single experiment, 

allowing large area film deposition since only a few tens of mg are deposited per m2 to obtain 

a ~90% transparency. 

 

Figure 2: Schematic representation of the AgNWs synthesis set-up. 

Even if the mechanism is still not fully understood, the synthesis of silver nanowires is 

believed to occur in two main steps: (i) the formation of tiny Ag seeds of 3-4 nm followed by 

(ii) the anisotropic growth of the seeds. The tiny seeds are produced from the aldehyde 

resulting from the dehydratation of the solvent. Along these lines, the most frequently used 

polyol is ethylene glycol (EG): OHCH2-CH2OH.  The glycoaldehyde (GA) derived from the 

dehydration of the EG reduces the silver precursor into atoms at an elevated temperature 

(100-200 °C).[12]  

In the initial stage of the reduction process, Ag atoms form small clusters of 

fluctuating structures. As the clusters grow larger, they become more stable and emerge into 

tiny seeds of 2-3 nm diameter. These seeds adopt one of three predominant structures: single 

crystalline, single twinned or multiply twinned structures (Figure 3.a). According to Xia et al., 

the nanowires are derived from the multiply twinned seeds (Figure 3.b). Most reported 

procedures use (PVP (polyvinylpyrrolidone) as a stabilizer, while other capping agents such 
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as cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfonate (SDS), vitamin B2 

or polyethylene oxide have also been used to control the anisotropic growth of the seeds. 

Even though the interaction between PVP and the silver surface is not fully understood, this 

capping agent has proven to drive the elongated shape obtained at the end of the synthesis. In 

this manner, its binding affinity varies from one crystal face to another, hindering the grow of 

selective faces: PVP preferentially binds on lateral {100} silver-crystal facets rather than on 

the {111} facets facilitating the formation of silver nanowires.[13] There may be a region of 

optimal concentration out of which for too low of a PVP concentration, the sorption of PVP 

onto silver insignificantly affects the growth process whereas for too high concentrations (at 

which non-selective sorption prevails) the metal reduction is inhibited on all facets.  

 The morphology and size of nanowires substantially depend on the experimental 

conditions (temperature, silver salt concentration, PVP:silver salt ratio). By varying the 

reaction conditions such as the temperature, the stirring rate, the addition of heterogeneous 

seeds, the nature of the capping agent, the concentration of reagents, and the presence of trace 

amounts of ions, a certain degree of control over both the size and morphology distribution 

can be achieved.[13ï16] In the next section, I summarize the impact of some of these key 

parameters on the dimensions of the silver nanostructures. 

Figure 3: a) Agn seeds of different crystallinity, b) the evolution of the seeds into a rod. 
[182]
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1.1.2. Alternative transparent conductive materials 

New types of materials that are future candidates for transparent electrodes include 

conductive polymers, graphene, carbon nanotubes (CNTs) and metallic nanowires based 

percolating networks (eg. copper nanowires (CuNWs), silver nanowires (AgNWs)) (Figures 4 

and 5). [17][18] All these materials can be bent, stretched, compressed, twisted, and deformed 

into non planar shapes but maintain good conductive performance, reliability and integration. 

Figure 4 plots the transmittance versus the sheet resistance data of several transparent 

conducting materials including associated graphene, CNTs, AgNWs and ITO. It also shows 

the iso-values of the FoM (Figure of merit) that allows comparison of the overall performance 

of the transparent conductive materials. The classic FoM definition of Haacke is described by 

the following formula:  

              Ὂέὓ  (1-1) 

Tr is the optical transmittance measured at a wavelength of 550 nm and Rs is the sheet 

resistance. The larger the FoM value, the better the associated electro-optical properties (pink 

square in Figure 4). 

Figure 4: Transmittance (550 nm) plotted as a function of  sheet resistance for various transparent conductive 

materials: Indium tin oxide (ITO), graphene, single-walled carbon nanotubes, copper nanowires, silver 

nanowires, and FTO. The solid lines are associated with iso-values of the Haacke FoM (Figure of Merit).
[18] 
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Figure 5: a) Example of an alternative transparent conductive material made of metal nanowire networks and b) 

SEM image of the Ag NW network. 

The haze factor of the transparent conductive material is another parameter that needs 

to be considered for applications. This optical factor quantifies the percentage of transmitted 

light that is scattered, and is given by: 

  

          ὌὥᾀὩ Ὂὥὧὸέὶ
 

 
ὼ ρππ  (1-2) 

 

 Diffuse transmittance is the scattered transmitted light while total transmittance is the 

sum of both the scattered and directly transmitted light. Depending on the application, haze is 

needed in higher or lower percentage.[19] For instance, touch panels place on windscreens 

need a low haze factor (< 3%) to ensure comfort for the human eye. On the other hand, solar 

cells need a high haze factor. 

Other factors such as material preparation and processing, properties and limitations of 

the alternative materials are summarized in Table 1.1. Each material is discussed in more 

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

 

 Conductive polymers 

 One alternative for transparent electrodes is based on films of conductive polymers. 

Poly(3,4-ethylenedioxythiophene) (PEDOT), encapsulated by poly(4-styrenesulfonate) (PSS), 

is most used thanks to its excellent mechanical flexibility, solution processability and high 

transparency.[20] In spite of its interesting characteristics, the sheet resistance of transparent 

electrodes based on PEDOT:PSS is much larger than that of ITO. Recently, thin films of 

highly ordered and densely packed PEDOT:PSS nanofibrils after acidic treatment have been 

reported. Such materials lead to a sheet resistance of 46 ʍ/Sq at a transparency of 90%.[21] 

 Graphene  

 Graphene presents important advantages in terms of high electron mobility (200.000 

cm2/V·s [22] versus 10 and 70 cm2/V.s for ITO) and high intrinsic in-plane conductivity.[23] 

Monolayers of graphene can be synthesized by chemical vapor deposition (CVD). 

[24],[25],[2],[26] Graphene can be doped with an acid to achieve a decent sheet resistance of 30 

ɋ/Sq at a transparency of 90%.[26] However, at this time, the cost of depositing graphene by 

CVD is too expensive to have values comparable (but not better) than the performance of 

ITO electrodes. On the other hand, the synthesis of graphene flakes is much cheaper, but the 

overlapping of flakes is very high, leading to high electrode resistance (95% of transparency 
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for a sheet resistance in the range of 200-1000 ʍ/Sq).[27] Along these lines, graphene flakes-

based transparent electrodes are still inferior to ITO, mostly due to their high sheet resistance 

and limited transmittance.[28,29],[30],[31]  

 Carbon Nanotubes 

A random mesh of carbon nanotubes (CNTs) can be deposited as a film onto a 

substrate (Figure 7) in order to obtain a transparent conductive electrode. In this manner, 

current can flow from one tube in the network to the next, and like graphene, CNTs absorb 

only a small portion of the incoming light, making the film transparent. Moreover, the 

chirality of the nanotubes dictates whether the material has a semiconducting or metallic 

nature. In the metallic configuration, the electron mobility is comparable to the one of the 

graphene.[32] CNT-based electrodes have high thermal conductivity, high flexibility and good 

mechanical stability. The main problem of CNT electrodes is their low conductivity.[32] 

Although the conductivity of a single CNT is high, there is a high resistance at the junction of 

two overlapping CNTs[34] leading to a high resistance of the overall network. Another 

problem is that the synthesis of CNTs leads to both metallic and semiconducting species in 

the same batch. Even though the semiconducting tubes do not contribute much to conduction 

because of their higher resistance, they do decrease the transparency of the electrode. 

 Metallic nanostructures 

 The main metallic nanostructures considered for transparent electrodes are metal ultra-

thin films (2D), metal nanogrids and metal nanowire networks (1D). Metal can be transparent 

when the thickness is below 10 nm.[35] However, due to surface electron scattering, the sheet 

resistance increases dramatically when the thickness decreases.[36] Thus, in turn, the 

transparencies required for applications at a given sheet resistance cannot be obtained.  The 

sheet resistance of metal nanogrids could be close to bulk metals even when the line width is 

close to subwavelength and the period of the mesh is in submicrometer scale.[37] However, the 
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elaboration of silver meshes on flexible substrates is a complicated process involving several 

steps.[38] In the last decade, various metallic nanowire networks such as copper, gold and 

silver have been investigated as promising candidates for replacing ITO. The metallic NW 

transparent conductive film is typically obtained by a random arrangement (Figure 6). 

Contrary to carbon nanotubes, all conducting components conduct metallically. Furthermore, 

the junction of overlapping nanowires can be fused through sintering or mechanical 

pressure[39], which results in junction resistances significantly lower than carbon nanotube 

junctions.[40] Together, this results in lower electrode sheet resistances than carbon nanotube 

networks and comparable to ITO.  

 

Figure 6: Schematic representation of a metallic NW network deposited randomly. 

Numerous pathways have been developed to obtain metallic nanowires such as the 

polyol process, template-mediated synthesis using DNA or a porous material, the 

hydrothermal method, UV irradiation techniques and the microwave-assisted method.[41],[42] 

The nanowire networks can be deposited as a solution at room temperature using a number of 

different processes without the requirement of vacuum (Figure 7).40,41,42,43 Many of these 

techniques such as spray coating and rod-coating are scalable, roll-to-roll compatible and 

processable at ambient temperature and atmospheric pressure. 
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Copper nanowires 

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

compared to silver, Cu is also an excellent candidate for the mass production of opto-

electronic devices. Cu nanowire electrodes have been mainly fabricated using two different 

approaches. The first one is based on an electrospinning process in which nanofibers of 

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

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

high conductivity and optical transmittance (~50 Ý/sq at ~90% transmittance).[43] However, 

this method requires high processing temperatures (500 °C) and thus has limited applicability. 

The other approach is similar to the ones described for silver in the following section: solution 

processed Cu nanowires mesh electrodes.[24] With this second approach, an average 

transmittance of the network of Cu NWs of 85% with a sheet resistance of about 25 Ý/sq has 

been achieved.[44] Although different methods can synthesize CuNWs of various sizes and 

morphologies, there is still a lack of effective methods for the large-scale production of high-

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

complex process largely hinder the application of Cu NWs. A particular issue associated with 

Cu NWs is their susceptibility to corrosion, being far more severe than for Ag NWs. 

Figure 7: Schematic representation of common deposition processes.
[33]
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Furthermore, the orange coloration of the electrode, due to their plasmonic band in centered 

between 560 and 590 nm, can be a major problem for several applications.[45] 

Silver nanowires 

Silver is the most conductive metal and thus an excellent choice to obtain a highly 

conductive NW film. Among the different methods to fabricate AgNWs, the polyol process is 

the most promising in terms of yield, implementation, cost and shape control.[42] 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 of 50-500. Silver solutions are 

easily processed into transparent conductive films from a range of dispersions in water or 

alcohol.  By controlling the concentration and the aspect ratio of the AgNWs, 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 level of ~10 Ý/sq at a 

transmittance of ~ 90%. Ag NW-based electrodes can be realized at a relatively low cost since 

the material costs of Ag nanowire electrodes are less than half that of ITO. To make a 50 Ý/sq 

electrode, the cost of the silver nanowires themselves is about 0.70 $/m2, while the price of 

the ITO will be 1.60 $/m2.[46] Furthermore, Ag NW networks are mechanically flexible while 

being transparent in the infrared (IR) range. Such properties make them more suitable for 

applications such as multi-junction solar cells and smart windows for the fenestration 

industry, capable of modulating heat dynamics (Figure 8). [47] Moreover, AgNW networks 

have been implemented for applications including transparent sensors,[48] transparent 

heaters[49] and medical devices.[50] 
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Figure 8: Transmittance versus wavelength of different electrode materials, showing  their transparency in both 

the visible and the near infrared regions of the electromagnetic spectrum.
[47]

   

However, silver is known to corrode in air and due their high surface-to-volume ratio, 

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

over time.[51] Furthermore, the concomitant influence of humidity and illumination on the 

degradation has been unraveled by Jiu and al.[52]  

1.1.3. General considerations on the performance of Ag NW electrodes  

Several review articles on the different parameters that influence the electric properties  

of silver nanowire electrodes have been published in recent years.[47,53],[1,18,39,53ï58],[59,60] Some 

of the fundamental trends are summarized below: 

- Percolation theory allows one to better understand how AgNW networks achieve 

electrical conductivity. In this model, variables include the diameter, the length and the 

Figure 9: Log (conductivity) in function of the volume fraction of silver nanowires. 
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density of the Ag NW network. (Figure 9) 

-  By increasing the density of the network (number of silver nanowires per unit area), 

the number of percolation pathways increases and thus induces a higher conductivity of the 

electrical sheet.[54] According to theoretical and experimental investigations, the sheet 

resistance is indeed linked to the network density: 

2 ᶿ Î Î  (1-3) 

Where nc is the critical network density, n the density network, and ɹ the percolation 

component.  

- By increasing the length of the NWs, the percolation within a mesh at nominally 

identical density is statically improved, which leads to an overall lower sheet resistance.[57] 

 - Increasing the aspect ratio of the NWs leads to an increased transmittance at 

effectively the same areal mass density and at the same time the contribution of scattered 

transmittance to the total transmittance increases.[61] Good trade-off between length and 

diameter is important to favor a local conductivity, making it more uniformly distributed.   

- Transparent electrodes made of curved silver nanowires could allow a better 

electromechanical stability of the electrodes under stretching in comparison to straight silver 

nanowires.[60] 

- Nanowires with a thinner diameter lead to a more uniform conductivity across the 

surface, allowing for more electrons to be collected in solar cells and thus, a more uniform 

switching in displays. Thinner nanowires will also result in less scattering and thus less haze, 

an important factor for many applications. 

- The junction resistance of two overlapping silver nanowires is higher than the 

resistance of the silver nanowire itself. For instance, Selzer recently determined that while the 

resistance of a single silver nanowire (d = 90 nm and L = 25 Õm) is 0.2 ɋ, the junction 

resistance of two overlapping silver nanowires is 529 ɋ.[39] Treatments to lower this junction 
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resistance, such as removing the organics remaining on the NW surface, increasing the 

contact area between nanowires, and fusing 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 discussed below), could result in lower film sheet resistance. 

1.1.4. Limitations of AgNW networks and key problems to address 

 AgNW electrodes are promising because they have strong potential to replace ITO and 

they are available in various commercial devices.[62],[63],[64],[65,66] Lenovo, LG, and HP have all 

produced a PC/Tablet touch sensors based on silver nanowire networks. [62] C3Nano has 

developed a 55-inch silver nanowire-based touchscreen display. [63] 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 solve outstanding issues hindering the 

widespread use of silver nanowire based electrodes. Despite all the advantages of silver 

nanowire electrodes, they are not yet attractive enough to replace ITO. They are still 

challenges to overcome before Ag NWs could be fully integrated in commercial devices for 

applications such as solar cells where a sheet resistance approaching 10 ʍ.Sq-1 is needed at a 

transparency higher than 90%.  

 Silver nanowires have also been found to be electrically and thermally unstable. When 

submitted to high temperature and/or current conditions, AgNW networks could have early 

features rates. For instance, Khaligh showed that silver nanowires broke up after two days 

when a constant current equivalent to that encountered in typical organic solar cells was 

passed through them. [67] Similar investigations were performed by Mayousse et al. and 

showed that the sheet resistance of Ag NW-based electrodes was insignificantly degraded 

after two years of storage in the dark and under air. [67ï69] Exposure to natural light has also 

been found to be critical. [68,69]  To make nanowire electrodes a viable alternative, it is 

important to tackle their lifetime and their thermal, electrical and chemical stability issues. As 

http://www.c3nano.com/
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mentioned previously, several studies show that  silver  nanowires  corrode  in ambient 

atmosphere.  This is due to the presence of hydrogen sulfide gas in air. Such corrosion process 

leads to the formation of a non-uniform layer of Ag2S onto the metal surface within 3 weeks. 

The combination of high relative humidity and illumination seems to be critical as well.[51] 

The degradation process yields to a sheet resistance increase by a factor of about 300% within 

25 days. [70] 

 The purpose of this project is to study and solve outstanding issues hindering the 

widespread use of silver nanowire-based electrodes to become a viable alternative to ITO. To 

do so, this project will (i) improve their conductivity and transparency and (ii) tackle their 

lifetime, thermal and chemical stability issues.  

 To improve nanowire electrode conductivity and transparency, nanowires with sizes, 

shapes, and architectures that are different from what is commercially available will be 

elaborated. For example, longer nanowires will lead to less nanowire-nanowire junctions in a 

connected network and thus lower resistance. 

 To limit the corrosion of the silver nanowires, a passivation layer that will limit the 

exposure of Ag to the air/sulfur is needed. Robust silver nanowires will be then elaborated by 

a post-synthetic coating with a protecting material. Thermal instability of hybrid electrodes 

will also be analyzed thanks to infrared camera equipements. 

  In order to obtain a better understanding on how to tackle these challenges and give 

context and proper background for my work, I provide a brief overview of the latest metallic 

nanowires syntheses reported in the literature and highlight the developing prospects of silver 

nanowire passivation.  

 The synthesis of silver nanowires 1.2.

As already mentioned, the most straightforward approach to produce inexpensive 

silver nanowires in solution is the polyol method. Such methodology was originally 
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introduced by Fievet et al. as an excellent manner to obtain submicrometer-sized metallic 

nanoparticles, and is now a widespread approach to the synthesis of metallic 

nanostructures.[71]  

1.2.1. Key parameters for the control of NW dimension and yield 

 Influence of the nature of the seeds 

Not only silver particles can serve as the seeds of nanowires. A two-step synthesis of 

nanowires in which platinum nanoparticles were used as the growth sites of silver crystals has 

been described (Figure 10.a).[15]  In a first step, platinum chloride was reduced in ethylene 

glycol at 160°C after which PVP and silver nitrate were introduced in the medium. According 

to the data, the silver salt reduces at the surface of the Pt seeds and the core-shell seeds 

generated evolve into nanorods and silver nanowires with a yield of about 70%.  This method 

of synthesis made possible a simple procedure for the formation of nanowires with the 

targeted morphology since it was believed that a nanowire evolves from one seed. For 

instance, it was shown that a decrease in the concentration of the primary platinum nuclei led 

to a decrease in the nanowire diameter. Note that most reports believed that the free chloride 

counter ion present in the reactional medium is the key element for the formation of the 1D 

nanostructure, prevailing over the role played by the presence of Pt seeds.[16],[72] Similarly, 

gold particles could also serve as seeds to produce silver nanowires. Since gold and silver 

have the same crystalline structures, and their lattice constants are similar, a seeded-growth 

process is clearly favored.[73] This report provides the first experimental evidence that the 

growth mechanism of silver from platinum or gold seeds previously proposed is valid. As can 

be seen in Figure 10.b, Au seeds could be evidenced in the middle of the nanowire. 
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Silver halide seeds, in particular AgCl, give good results for the formation of silver 

nanowires. In this manner, the addition of NaCl leads to the formation of AgCl nano-

crystallites, reducing the concentration of free silver ions in solution during the initial seed 

formation. These slow reaction conditions enable the formation of the thermodynamically 

more stable multiply twinned seeds required for nanowire growth. The synthesis of silver 

nanowires via this approach allows one to obtain wires that are homogeneous in length and 

diameter.[74] Moreover, by tailoring the ratio of [AgNO3]/[NaCl], the diameter can be 

controlled. For instance, NaBr favors the formation of thin nanowires (d=20 nm).[75],[76],[77] 

The anisotropic growth mechanism from silver halide seeds may be somewhat different from 

the one from Pt or Au seeds as shown in the following scheme in Figure 11 since  one AgCl 

seed gives birth to numerous Ag NWs. 

 

  

Figure 10: a) Schematic illustration of the formation of Ag nanowires using Pt,
[15]

 b) TEM images of silver rod 

and wire from gold seed.
[73]
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 Influence of temperature 

 In the polyol process, the temperature at which the reaction is conducted is an 

important parameter for the synthesis of wire-like structures. Below a critical value of 110°C,  

no wires can be produced since no multiply twinned crystals are generated.[15,78] The reason 

for this is that a high temperature is crucial for the conversion of ethylene glycol into 

glycoaldehyde, reaction that initiates the nucleation step. This conversion occurs in general 

above 150 °C with the help of oxygen.[65],[79] The importance of temperature is also attributed 

to the deficiency of thermal energy in the formation of specific facets.[15],[80]  

 Presence of trace ions 

It is difficult to freely obtain high-yield Ag NWs with the above-described seed-

assisted process. In order to simplify the procedure and improve the quality of Ag NWs, 

different research groups have found that a very small amount of metal ions such as Fe2+/Fe3+ 

and Cu+/Cu2+ could drastically affect the yield and dimensions of Ag NWs. This is achieved 

by removing oxygen from the surface of the silver seeds (Figure 12) and preventing the 

dissolution of multiply twinned seeds. Different researchers have suggested that the low 

valence metal ions could react with the adsorbed atomic oxygen on the surface of silver and 

change into high-valence metal ions. This process prevents the multiply twinned seeds from 

being etched and the repeated process ensures the formation of Ag NWs. However, this 

oxygen-consuming mechanism was not completely responsible for the results attained since 

Figure 11: Schematic illustration of the formation of Ag nanowires using silver chloride seeds (left). SEM image 

of a AgCl nanocube initiating the growth of silver nanowires (right).
[74],[183] 
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anions such as Cl- were also found to be crucial in the process. The oxidative etching happens 

when both couples Cl-/Cl2 and O2/O2
- are present in the reaction medium.[81],[82],[83]  

 

 Figure 12:  Role played by Cu(I) in the formation of AgNWs.
[82]

 

Effect of the nature of the polyol 

The nature of the polyol used also has an impact on the yield and the uniformity of 

AgNWs. The ICMCB group at the University of Bordeaux recently demonstrated that the 

synthesis of AgNWs performed in 1,2-propanediol instead of ethylene glycol increases the 

rate of AgNWs formation, the yield, as well as the size distribution of these 1D 

nanostructures.[84] 

1.2.2. Ultra-long AgNWs 

With the development of transparent and conductive films, the need for long and thin 

Ag NWs, i.e. with an aspect ratio higher than 500, has motivated scientists to further optimize 

the polyol process. Recently, different research groups have fabricated very long AgNWs 

with lengths larger than 100 µm and aspect ratios in the range of 1000-3000 by one-step or 

multistep methods. 

 The single step process 

A low-temperature reaction, slow stirring speed, trace of halides, presence of transition 

metal ions, and PVP of high molecular weight have been reported to make ultra-long 

nanowires.[85ï88] Jiu et al. have prepared very long Ag NWs at 130°C by stopping stirring and 
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Figure 13: Scheme of the growth mechanism of a AgNW in high (left) 

and low (right) stirring speeds.
[65]

 

keeping the solution in the stationary state. Nanowires with lengths between 20 and 100 µm 

(230 µm in for 12 hours of reaction) and average diameters of 91 nm have been reported.[65] 

Figure 13 illustrates the mechanism of growth of the silver nanowires in high and low stirring 

speed regimes.[65] 

 

 

 

 

 

 

Ultra-long Ag NWs could also be obtained via the polyol process in hydrothermal 

conditions. Under these experimental conditions, Ag NWs with an average diameter of 45-65 

nm and a length greater than 200 µm could be produced in about 22 h of reaction.[89,90]  

 The multistep repeating process 

This approach is based on: (i) the synthesis of silver nanowires by a conventional 

polyol process and (ii) their sequential growth. Via this strategy, the lengths of nanowires 

were extended from 20-30 µm to over 500 µm.[91] The main disadvantage of this process is 

that it is time-consuming (12 h) and the diameter of the nanowires progressively increases 

after each additional step. 

Table 1.2 summarizes the main characteristics of the high aspect ratio silver nanowires 

so far reported in the literature as well as the performances of the corresponding electrodes.  
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These data confirm that the use of high aspect ratio nanowires is of high interest since 

it allows one to obtain conductive films with maximum transparency. However, it has been 

reported that it is challenging to maintain the integrity of the very long NWs during the 

deposition process since they tend to break, in particular when ultrasounds are used. Fine-

tuning synthesis to control the dimensions of the NWs with low standard deviation remains 

thus highly desirable because the properties of the networks, such as haziness or roughness, 

are application-dependent and rely on their constitutive building blocks. 

1.2.3. Toward branched silver nanowires 

Architectures different than 1D silver nanowires are also interesting nano-building 

blocks as they may decrease resistance through decreasing the number of highly resistive 

junctions where nanowires overlap. Importantly, such structures have not been explored for 

transparent electrodes by other groups. Along these lines, only three synthetic strategies have 

been reported in the literature to achieve such morphologies. Among them, the modification 

of the temperature  during the synthesis of Ag NWs (160°C -> 100°C -> 135°C -> 100°C) 

induces branch formation.[92] In this manner, the diameter of the as-obtained nanowires is 

about 300 nm, the length of the main branch is about 6 µm; and the minor one 2 µm. Here, 

the growth of branches may be favored by the defects points induced by the change of 

Table 1.2: Length and diameter of silver nanowires depending on the process used together with the sheet 

resistance and transparency of the resulting electrodes. 
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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 transition metal ions with an oxidation state of +3,+4, +5, or +6 in 

the colloidal suspension during the growth process has been reported to drastically modify the 

shape of the nanowires and induce the formation of 'Y-type nanowires'.[81] The diameters of 

the branches are typically between 10 nm and 500 nm, and their aspect ratio is between 50 

and 10000. For example, Ru3+ (from ruthenium chloride) was used for the production of Y 

type nanowires. In this case the ionic species may disturb the growth of silver nanowires by 

creating nucleation sites at their surface.  

Finally, the input of microwave irradiation during synthesis generates nanowires with 

a 'V-shape' morphology. The irradiation of the colloidal suspension during the growth process 

induces the formation of branched silver nanowires with a yield of 40% (Figure 14).[93] 

Figure 14: Nanostructures produced upon microwave irradiation of the colloidal suspension during the growth 

process (a) SEM image of 'V-type' nanowires, (b) distribution in morphology of the nanostructures.
[93]

 

Though a plethora of metallic morphologies are accessible by the polyol approach 

today, the chemical synthesis of nanowires with a good control over the number and 

dimension of branches remains a challenge. 

 Robust silver nanowire networks 1.3.
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 As already outlined, chemical stability issues remain a major limitation for the use of 

silver nanowire in commercial devices. Furthermore, metallic nanowires are thermally 

unstable materials. Along these lines, the requirements for a nanowire transparent electrode 

passivation are stringent. For devices such as solar cells and LEDs, current needs to flow 

between the nanowire electrode and the active part of the device. Therefore, the nanowire 

electrode cannot be fully encapsulated in a non-conductive layer. Rather, the passivation layer 

needs to be both transparent and allow current to flow across it, as well as be able to block gas 

diffusion and be inexpensive. Moreover, it should also be mechanically flexible and ideally be 

deposited from solution in a roll-to-roll compatible, low temperature process to maintain the 

advantages of silver nanowire electrodes. 

Different strategies to improve the chemical and/or thermal stability of AgNWs have 

been implemented this last decade. For instance, by encapsulating the NWs by a polymer or 

by chemically modifying their surface with a layer of inorganic or organic material (metal 

oxide, graphene or polymer). However, none of these approaches slow down sufficientlyfast 

the degradation of the NWs while 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 with metal-oxides (for instance TiO2 and ZnO). Since metal oxides are both 

conductive and transparent, they have been tested as passivation materials.[94ï97] This 

approach offers good chemical and thermal stabilities of the nanowires and thus a protection 

against their degradation. Additionally, these materials induce a decrease of the sheet 

resistance. For example, the resistance of Ag NWs passivated with TiO2 decreases from 1000 

to 20 ʍ/Sq when the thickness of the shell is equal to 50 nm. The shrinking of the TiO2 shell 

during its formation induces pressure in the network and thus better connections between the 

nanowires. However it lowers the transparency by 6 percentage points since metal oxides 
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affect the optical properties of the NW electrodes.[98,99],[96] In addition, the mechanical 

properties of the hybrid electrodes are not good in flexible substrates due the unfavorable 

interface between TiO2 and PET.[98] Corrosion test applied to the TiO2 coated and neated Ag 

NWs by dipping into aggressive sulfur solution in dimethylformamide show that after 30 

minutes the resistance of the Ag NW/TiO2 hybrid doubles, whereas unprotected NWs exhibit 

a 6 orders of magnitude increase of sheet resistance. Similar work was performed by coating 

Ag NWs with Zinc Oxide (ZnO). In this case the combination of the Ag NW and the metal 

oxide increases the robustness of the electrode during the annealing process. Unfortunately, 

the conductivity decreases when activated under light. [94,97] 

1.3.2. Passivation with conductive polymer and graphene coatings 

Coating the silver nanowires networks with one layer of graphene or conductive 

polymers can also improve the chemical stability as well as the conductivity of the final 

devices. For example, conductive PEDOT: PSS increases the Ag NW film stability. However, 

due to the acidic nature and intrinsic structural inhomogeneity, it has been associated with 

several degradation mechanisms and a limited device lifetime.[100],[101] Furthermore, it has 

been shown that upon prolonged contact with PEDOT:PSS the electrical properties of the Ag 

NWs deteriorate.[102] Another example demonstrated that transferring graphene monolayers 

and graphene flakes onto a transparent electrode of Ag NWs allowed to lower the contact 

resistance between wires and increase the lifetime of the electrode.[103],[104] However, the 

process of graphene deposition is costly and, in general, lowers the transparency of the 

electrodes.[105]  

1.3.3.  Passivation with short organic molecules 

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

customization of the surface of the Ag NWs themselves with short organic molecules prior to 
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NW deposition.[70],93 In one study, silver nanowires were coated with triphenylphosphine 

(PPh3) in solution and then deposited as electrodes onto PET. Unlike the passivation 

approaches described above, neither the initial transparency nor the conductivity was 

decreased after coating with PPh3. After 110 days at room temperature and under ambient 

conditions, the resistance of the PPh3-passivated electrode only increased from 10 Ý/Sq to 60 

Ý/Sq, while the bare AgNW electrode increased from 25 to 580 Ý/Sq. This result implies 

significant encapsulation of the NWs by the PPh3 coating. Very recently, a similar study 

described the passivation of silver nanowires electrodes with ODT (octadecanethiol). Lifetime 

studies were performed over a period of 30 days in humid atmosphere at 85ÁC. In this case a 

18% resistance increase for passivated electrodes was measured versus 169% for the 

unpassivated ones.[106]  

In summary, for enhanced thermal and chemical stability, Ag NWs can be embedded 

into a conductive matrix of a metal oxide or an organic conductive medium. However, these 

approaches affect the intrinsic properties of the silver network, particularly they all decrease 

the electrode transparency. Care has to be taken to avoid the detrimental chemical attack of 

the silver due to corrosive precursors or their decomposition compounds. Alternative 

passivation strategies based on the surface modification of silver nanowire by short organic 

molecules is in its infancy. However, this approach seems to be a promising alternative since 

the molecules do not negatively affect the conductivity, mechanical flexibility or transparency 

of the electrode. Moreover this method is very inexpensive, thus contributing to its 

commercial viability.  

 Outlines  1.4.

In this chapter, I have given a brief introduction to the context of this study and 

provided information on why silver nanowires are such promising materials to replace ITO. 

Nanowire electrodes are ideal for flexible 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 to understand and optimize the 

preparation process more precisely, thus contributing to further modifying and controlling the 

length, diameter and architectures in these nanowires. In the last part of this chapter, I have 

introduced the most important methods elaborated to coat silver nanowires in order to protect 

them against oxidation. Within all of these methods, the passivation with a short molecule 

such as trioctylphosphine seems to be the most interesting in terms of performance while no 

modification on the intrinsic properties of the material could be observed.  

The most important results reported in this Thesis are divided in three parts: the first 

part of the project (Chapter 2) focuses on experiments I performed on the study of the 

mechanism of the synthesis of silver nanowires, the synthesis of ultra-long silver nanowires 

and the elaboration of the electrodes. Chapter 3 covers different methods developed on the 

possibility of making branched silver nanowires. To end the thesis, the passivation of the 

surface of the silver nanowires with graphene and MuA (11-Mercaptoundecanoic acid) has 

been performed in order to improve their chemical stabilities (Chapter 4). Additional 

investigations on the thermal stability performed in collaboration with Hadi Hosseinzadeh 

Khaligh are also introduced in the present manuscript.[107] 

  

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjcgsXqkY3bAhVOlxQKHb_dCrwQFgg0MAA&url=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F450561%3Flang%3Den%26region%3DUS&usg=AOvVaw0Ay63nZDQG2S5PDBX6uk2Q
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwja-NjYt43bAhWCVxQKHbS3CUcQFggoMAA&url=http%3A%2F%2Fscholar.google.ca%2Fcitations%3Fuser%3D0ZzeurkAAAAJ%26hl%3Den&usg=AOvVaw325_49NA6f2TTLDxujBCim
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwja-NjYt43bAhWCVxQKHbS3CUcQFggoMAA&url=http%3A%2F%2Fscholar.google.ca%2Fcitations%3Fuser%3D0ZzeurkAAAAJ%26hl%3Den&usg=AOvVaw325_49NA6f2TTLDxujBCim
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2. Chapter 2: Elaboration of Ultra -long Silver Nanowire 

electrodes 

 

 Silver nanowires can be synthesized inexpensively in solution by the polyol method. 

But it remains a great challenge to achieve control over the length and the width of Ag 

nanowires, leading to the formation of ultra high-aspect ratio Ag nanowires. Such materials 

would find an enormous niche of application in the development of transparent and 

conductive films. As outlined in the chapter 1, ultra-long nanowires, i.e nanostructures with 

an aspect ratio above 500, would improve nanowire electrode conductivity and transparency. 

They would lead to less nanowire-nanowire junctions in a connected network and thus to 

lower resistance.[57,61,88],[87] Some key parameters in the polyol process are known to yield 

nanostructures with long lengths: introduction of additives such as halide salts,[76] foreign ions 

such as Cu2+ or Fe3+,[87,88],[86] slow stirring speed or multistep repeating processes.[91] 

However, problems such as the uniformity of AgNW diameter remain elusive to the scientific 

community. Moreover, the output of long AgNWs is still relatively low for mass production 

and commercial applications. Here, we will introduce wet-chemical preparation methods for 

the synthesis of AgNWs with high aspect ratio and purity that we have developed. Moreover, 

the performance of thin films elaborated from these materials will be introduced. Along these 

lines, thin films were deposited on glass substrates using different methodologies that can 

scalable to industrial manufacturing levels. Finally, the properties reported herein will be 

compared with the state of the art. 

 Synthesis of long Ag nanowires in ethylene glycol in presence of halides and Cu2+ 2.1.

 We first explored the possibility to produce ultra-long nanowires in one step by 

optimizing a CuCl2-mediated synthesis developed by Shang Wang and coworkers.[108] In that 

work, CuCl2 was used as a chemical precursor for the elaboration of silver halide seeds, PVP 

with a molecular weight of 55K was the surfactant and silver nitrate was used as silver source. 
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This approach yields to the formation of relatively long silver nanowires, having an average 

length of 49.4 +/- 24.3 µm and a diameter of 75 +/- 13 nm, resulting in an aspect ratio 

(length/diameter ratio) of 686. By modifying some key parameters known in the literature to 

alter nanoparticleôs size (temperature, molecular weight of the PVP, the CuCl2/AgNO3 ratio, 

the addition of Br-), we explored the possibility to produce longer NWs (Figure 15). 

 

Figure 15: Scheme of the synthesis of ultra-long silver nanowires adopted.
[108]  

 We summarize below some of the most interesting results.   

2.1.1. Experimental section 

 Protocol 2.1: Ag NWs synthesized in presence of AgCl 

 In a 50 ml three-neck round-bottom flask, 20 ml of ethylene glycol (EG) were heated 

at 160 °C (temperature of the oil bath) for five minutes. 2 ml of a solution of CuCl2.H2O 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 AgNO3 (0.12 M) and PVP-1300K (0.36 M) were injected into the 

solution. The stirring rate was at 100 rpm during the entire growth process. After a given time 

(depending of the reaction conditions) the reaction medium turned from transparent yellowish 

to grey indicating the formation of the nanowires. Once this color change was observed, the 

mixture was refluxed for one additional hour. Then the flask was put in an ice bath for a few 

minutes in order to reach room temperature.  

 After the synthesis, the as-obtained product requires some purification. Indeed, 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 the aggregation 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 of PVP-360K diluted 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 (NO3)2 (0.14 mM) instead of CuCl2. The 

temperature was set at 150 °C. 

2.1.2. Analysis of the morphology of the silver products 

 Dark field microscopy 

 200 µl of solution of silver 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 

set at 70°C for 10 minutes. The substrate was then observed with a dark field microscope 

(LEICA DMI3000M) for visualization. 

 TEM analysis  

 Transmission electron microscopy (TEM) images were collected on a JEM-1400 Plus 

electron microscope JEOL operating at 120 kV. For this purpose, one drop of the solution 

used to perform the dark field analysis was deposited onto a carbon-coated copper grid. 

 Calculation of the mean diameter and length of the AgNWs 

 The analysis of the Dark-field and TEM images to obtain statistical information on the 

length and diameter of the nanowires was performed with the software Image J. The lengths 

of the nanowires have been measured on dark-field images (at least 150 nanowires were 

measured). 

 Calculation of the yield of silver nanowires 

 The calculation of the concentration in Ag+ was 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 silver nanowires precipitated, the supernatant was removed. The solid 

phase was then redispersed in a mixture of water/acetone (v/v 10/35) and centrifuged for 10 

minutes at 4000 rpm. This step was reproduced three times and the silver nanowires were 

finally redispersed in 20 ml of ultra-pure water. A few milliliters of the previous solution were 

then redispersed in a mixture of HNO3 and water for analysis. 

 UV-Vis absorption spectroscopy 

 Silver nanowires exhibit plasmon modes in the UV/visible range. Information 

regarding the size, shape and aggregation of nanoparticles could be extracted from UV-visible 

absorption spectra. The absorption spectra were recorded in the range of 350 -700 nm with an 

UV-3600 Shimadzu UV-Vis-NIR spectrophotometer. 200 µl of solution of silver nanowires 

were mixed with 1.5 ml of water in a ten-mm optical path length quartz cell. The data were 

recorded and treated with UVProbe software. 

 NMR (Nuclear Magnetic Resonance) Analysis 

 1H (300 MHz) and 13C-{1H} (75 MHz) NMR spectra were recorded on a Bruker DPX-

300 spectrometer. 1H and 13C assignments were confirmed with the use of two dimensional 

1H-1H COSY, 1H-13C-HSQC and 1H-13C-HMBC NMR experiments. All spectra were 

referenced internally to residual proto-solvent (1H) or solvent (13C) resonances, and are 

reported relative to trimethylsilane (d = 0 ppm). Chemical shifts are quoted in d(ppm), 

coupling constants in hertzs whilst "s" stands for singlet, "d" for doublet, "dd" for doublet of 

doublets, ''t'' for triplet and "m" for multiplet. 

 To identify the volatile species formed by polyol oxidation the ñclassicalò polyol 

synthesis in presence of NaCl in 1,2-propanediol was performed. Instead of performing this 

process under reflux, the vapors were condensate into a cold trap to be analyzed by 

NMR.[109,110] 



35 

 

2.1.3. Results and discussion 

 A TEM image of the AgNWs 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 purification according the protocol 2.1, the nanowires could be isolated, 

having a length and diameter of 33 µm +/- 15 µm and 400 nm +/- 85 nm, respectively. 

 
Figure 16: TEM image and size distribution of nanowires produced in the presence of CuCl2 (160°C). 

 In the following experiments, we kept all the parameters constant (3:1 PVP:AgNO3 

molar ratio, 1:300 CuCl2:AgNO3, 160 °C growth temperature, ethylene glycol and 100 rpm 

stirring rate) except the parameter being investigated.  

 Effect of temperature 

 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 nanowire length and 

diameter with respect to the growth temperature is plotted in Figure 17. When the temperature 

of the growth medium was reduced from 160 °C to 150 °C, the nanowires increased in length 

and decreased in diameter (Figure 17), both helping to improve the nanowire aspect ratio. At 

150 °C, nanowires with an average length of 105 µm +/- 50 µm were synthesized but their 

average diameter was rather large: 245 nm +/- 80 nm. Further decrease in the reaction 

temperature (140 °C) increased the number of by-products. 
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Figure 17: Evolution of the length (right) and the diameter (left) of the silver nanowires with the reaction 

temperature. 

 

 Effect of replacement of Cl- by Br- 

 There are reports on the effects of bromide ions during the polyol process claiming 

that Br- favors the formation of thinner silver nanowires.[75,77]  Moreover, the AgBr 

precipitates that have been formed in the early stage of the reaction serve as seeds for multi-

twinned particles (MTPs), decreasing the amount of free Ag+ ions in solution. In this manner, 

the kinetics of the reduction process of AgNO3 is slowed down and the difference in solubility 

between AgCl and AgBr favors the formation of more silver halide nuclei and thus the 

formation of thinner Ag NWs. By completely replacing Cl- by Br- in the polyol medium, we 

were not able to obtain silver nanowires. Thus, a controlled increase of the quantity of Br- was 

necessary in order to promote the growth of silver nanowires. Figure 18 shows, nanowires 

with an aspect ratio of 870 that could be produced for a ratio [Br-] / [Ag] = 0.93. In this case 

the average length and diameter of the nanowires obtained are 120 µm +/- 55 µm and 138 nm 

+/- 56 nm, respectively (Figure 18). Some nanowires as long as 410 µm with the same 

diameter could also be observed under these experimental conditions. On the other hand, a 

further increase in the concentration of [Br-] allowed to reduce the diameter of the nanowires, 

effect accompanied by an important increase in the amount of by-products. On the other hand, 

by following protocol 2.2, where Cl- is completely replaced with Br- ([Br-] = 0.28 mM and 
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[Cu2+] = 0.14 mM), we observed the formation of a majority of silver nanospheres and a few 

wires. 

 

Figure 18: Dark field image of Ag nanowires produced in the presence of Cu
2+

 and Br
-
 at 150 °C together with 

their length and diameter size distributions. 

2.1.1. Closing remarks 

  The synthesis of Ag nanowires performed in ethylene glycol medium in the presence 

of copper ions and halides (Cl- and 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 described 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 high-yield in morphology. Unfortunately, after the purification step the amount 

of silver NWs was so low that the quantity available was not enough for the fabrication of 

electrodes.  

 Synthesis of ultra-long Ag nanowires in 1,2 propanediol in the presence of halide 2.2.

  By exploring the possibilities of up-scaling the synthesis of Ag nanowires for industry 

(Solvay) during the post-doc of Marie Plissonneau in ICMCB (Université de Bordeaux), we 

discovered that we could successfully fabricate silver nanowires with uniform shape using 

AgNO3 as the precursor, PVP as the capping agent, NaCl as the seeds and 1,2-propanediol as 

both the reducing agent and solvent (Figure 19).[84]  
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Figure 19: (Left) Comparison of the yield of silver nanowires in 1.2-propanediol vs ethylene glycol during the 

growth process. (Right) SEM image of Ag nanowires fabricated in 1,2 propanediol. 

 For the first time, it has been shown that using 1,2-propanediol instead of the typical 

ethylene glycol as the solvent allows for the fabrication of nanowires in higher yield (i.e. 

reduced number of non-nanowire products) and within a shorter period of time. Furthermore, 

it was observed that the amount of by-products was considerably reduced in these 

experimental conditions.[84] 

 The mechanism of formation of silver nanowires in ethylene glycol has been 

investigated by several research groups (Figure 20), but no attempt has been done to 

investigate the redox mechanism from alternative polyols such as 1,2-propanediol. We have 

tried to get further insight into this subject by performing a NMR analysis of 1.2-propanediol 

under relevant experimental conditions. 

 

Figure 20: Reducing species upon dehydration of ethylene glycol. In the presence of oxygen, ethylene glycol can 

also form glycolaldehyde. 
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Figure 21: Mechanism of oxidation of 1,2-propanediol according to 

preliminary NMR investigations. 

 NMR investigations were conducted in order to determine the oxidation product of 

1,2-propanediol. The volatile species were trapped in a cold trap before NMR analysis. 

Furthermore, 1D and 2D 1H and 13C NMR experiments reveal the formation of acetone, 

characterized by a singlet at 2.2 ppm (CH3) in 1H NMR and resonances at 207.0 ppm (C=O) 

and 30.9 ppm (CH3C=O) in 13C NMR, and of 2,2,4-trimethyl-dioxolane, characterized in 1H 

NMR by a doublet at 1.27 ppm (-CH(CH3)), two singlets at 1.36 and 1.41 ppm (-C(CH3)2)), 

two doublet of doublets around 3.92 and 4.05 ppm (CH2) and a multiplet at 4.22 ppm (CH). 

Moreover, the 13C NMR spectrum showed typical resonances detected at 27.2 and 25.9 ppm 

((-C(CH3)2)), 18.6 ppm (-CH(CH3)), 72.0 ppm (-CH(CH3)-O), 70.8 ppm (-CH2O) and 108.7 

ppm (-O-C(CH3)2-O) which is fully consistent with the formation of 2,2,4-trimethyl-

dioxolane (Figure 21). 

 

 

 

 

 

 

 

 Acetone probably arises from the dehydration of 1,2-propanediol whereas it is 

postulated that  2,2,4-trimethyl-dioxolane forms by an acetalization reaction catalyzed with a 

Lewis acid (a silver cation) between acetone and 1,2-propanediol. Surprisingly, propanal, 

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 future in order to understand 

how the formation of acetone (in the case of 1,2-propanediol) 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 chromatography (GC) ñin situò by directly injecting the volatile compound 

formed during the polyol process into the entry of the chromatograph. 

  Taking into account these interesting findings we have explored the possibility of 

generating ultra-long nanowires in 1,2-propanediol medium. In a typical process, the 

synthesis of silver nanowires consisted on the hot injection of both silver nitrate solution and 

PVP-1300 K in a reaction medium of 1.2-propanediol and Cl- at 140 °C (Figure 22).  

 

Figure 22: Scheme of the synthesis of silver nanowires in 1.2-propanediol. 

2.2.1. Protocols: 

 Protocol 2.3 

 In a 100 ml three neck bottom flask, 30 ml of 1.2-propanediol (Pdol) were heated at 

140 °C (oil bath temperature) for 45 minutes. Then, 5 ml of a solution of HCl diluted in 1.2-

propanediol (3mM) was quickly added. After 10 min, 15 ml of AgNO3 dissolved in 1.2-

propanediol (94 mM) and PVP-1300K dissolved in 1.2-propanediol (147 mM) were injected 

drop-by-drop (45 ml per hour) into the solution. The stirring rate was set at 100 rpm during 

the entire 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. Finally, a single purification step 

was applied to the final solution and the product was redispersed in 20 ml of ethanol. 

 Protocol 2.4 

 Protocol 2.4 is the same as protocol 2.3 except the initial volume of 1,2-propanediol 

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 field optical image as well as the size distributions of the silver 

nanowires synthesized following protocol 2.3. Under these experimental conditions, we could 

produce long nanowires with an average length of 112 µm +/- 58 µm in high yield but with a 

relatively thick diameter (å275 nm). 

 

Even though the results obtained with Protocol 2.3 are not ideal, we realized that by 

simply varying the concentration of the reactants in the medium we could produce ultra-long 

nanowires with smaller diameter in high yield (protocol 2.4). The overall trend is that both the 

average length and diameter decrease when the concentration of Ag+ is decreased in the 

reaction medium (Figure 24). Interestingly, for a certain concentration range, 19.3 mM < 

[Ag+] < 20.4 mM (highlighted in purple in Figure 24), the length is slightly higher than that 

of the original Ag+ concentration (21.7 mM) while the diameter is reduced by a factor of two, 

thus resulting in a much higher aspect ratio. 

Figure 23: (Top) Dark field image of the silver nanowires produced in 1,2 propanediol 

(protocol 2.3) and their corresponding size distributions in diameter (Bottom left) and 

in length (Bottom right). 
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Figure 24: Plot of the diameter and length of the nanowires as a function of the initial concentration of Ag
+
 

developed following Protocol 2.4. 

  A selection of 3 batches produced with a silver concentration of 20.1 mM, 19.6 mM 

and 19.3 mM are shown in Figure 25. The silver nanowires not only become thinner but also 

more homogeneous in diameter than those synthesized with the protocol 2.3. Moreover, the 

number of ultra-long silver nanowires in the batch increases from 45% to 80%.  In agreement 

with what we observe in Figure 24, the number of ultra-long silver nanowires is very high 

(86%) when the silver concentration is equal to 19.6 mM. However, a further decrease in 

silver concentration induces lower amount of ultra-long silver nanowires (57%). Importantly, 

the reaction (in 1.2-Pdol) typically proceeds for 80 minutes and the amount of the product 

obtained is 20 mg for a volume of 10 ml (whereas 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 distribution of Ag NW produced for different [Ag
+
] in 

the reactional medium. 

2.2.3. Closing remarks 

  Silver nanowires were developed in a single step process by using 1,2 propanediol as 

the solvent, without any addition of foreign ions, within 80 minutes. This approach allows the 

production of uniform nanowires in high yield (2 mg/ml), and with a high aspect ratio (from 

L > 100 µm 

80% 

L > 100 µm 

86% 

L > 100 µm 

57% 

[Ag+] = 20.1 mM 

[Ag+] = 19.6 mM 

[Ag+] = 19.3 mM 
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1000 to 1130). Moreover, the proportion of synthesized nanowires that are ñultra-longò is also 

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

lengths > 100 µm). However, the diameters obtained are larger than 100 nm which is larger 

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

have to be investigated in the future. Interestingly, Ag nanowires were developed in a single 

step process by using 1,2-propanediol as solvent, without any addition of foreign ions.  

 As already reviewed in Chapter 1, investigations on the elaboration of transparent 

electrodes based in ultra-long silver nanowires started in 2014.[85] The silver nanowires 

presented in this Thesis do not have the best aspect ratio of the literature but have higher 

length in comparison to previous ultra-long silver nanowires synthesized by the polyol 

process (see figure A). Very recently, ultra-long silver nanowires with an average length equal 

to 220 µm (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 here.[89] Other works reporting the formation of ultra-long silver nanowires do 

not lead to satisfactory yields in terms of inorganic nanowires.[88] 

 

Figure A: Evolution of the length of the ultra-long silver nanowires published in the literature from 2014 to 

2018.
[65,86,87,89,90,108,111,112]
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 Fabrication of transparent electrodes based on ultra-long silver nanowires 2.3.

 This section focuses on the physical properties of silver nanowire networks based on 

the ultra-long nanowires produced above. Three different batches of Ag nanowires were used 

in order to elaborate thin films: Ag135 (d=135 +/- 43 nm and L = 135 +/- 51 µm), Ag124 

(d=124 +/- 25 nm and L = 130 +/- 36 µm) and Ag101 (d=101 +/- 25 nm and L = 114 +/- 43 

µm). Films were deposited on glass surfaces using three different deposition methods: Mayer 

rod coating, spin coating and spray coating (Figure 26). 

 

Figure 26: Schematic representation of the three techniques used here to deposit the nanowire film: a) Mayer 

rod, b) spray and c) spin coating. 

 Two types of glass substrates were used: Roth 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 used deposition process in the group of Prof. Irene Goldthorpe at the 

University of Waterloo. The spin coating and the spray coating deposition methods were 

investigated via a collaboration with the group of Daniel Bellet in LMGP (Laboratoire des 

Matériaux et du Genie Physique) in Grenoble, France. The experiments were performed with 

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

2.3.1. Film 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 film depends on diameter of the metal wires that wrap around the 
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rod. For instance, with a Mayer Rod RDS 10, the theoretical thickness of the deposited film is 

25 µm.[113] The characteristics of the Mayer Rod used to fabricate the transparent networks in 

this work are detailed in Figure 27. 

 

Figure 27: a) Picture of the Mayer Rod use in this study, b) Magnified image of the Mayer rod evidencing the 

wrapped wires, c) Schematic representation of the cross section of the Mayer Rod. 

The solutions of silver nanowires were diluted 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. 4 coatings steps of 35 Õl of AgNW suspension were developed on 2 

cm x 2 cm glass substrates in 4 orthogonal directions (i.e. along the angles 0Á, 90Á, 180Á and 

270Á) to obtain a random NW network. Moreover, another series of thin films were 

performed on Roth glass substrates: 4 coating steps of 50 Õl of AgNW suspension were 

developed on 2.4 cm x 3.2 cm glass substrates in 4 orthogonal directions to obtain a random 

NW network. Finally, a thermal treatment of 1 hour at 200 ÁC for the thicker nanowires 

(Ag135 and Ag124) and 160 ÁC for the thinner ones (Ag101) was applied. These optimized 

annealing temperatures were chosen after a series of tests to minimize sheet resistance. 

 Spray Coating 

  Spray coating is a very interesting deposition method due to its ease of production at a 

large scale and the possibility of coating the large area substrates. This technique consists in 

forcing solutions of Ag nanowires through a nozzle while different parameters allow one to 
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get homogeneous thin films: distance between the nozzle and the substrate, the flow rate or 

the pressure and the temperature of the substrate.[114] 

 In LMGP, an automatic spray coater has been built. The solution of synthesized silver 

nanostructures was introduced into a spray head with a syringe. Note that this spray is not a 

classical spray coating with ultrasonic nozzle but a low-cost air-operated tool (Figure 28). 

 

 

Figure 28: Schematic representation of an automatic spray coating deposition system built in LMGP, Grenoble. 

  Once the solution is converted into droplets, they are propelled onto a hot substrate. 

The movement of the spray is performed in both X and Y directions. The parameters of the 

deposition process used in the following work was determined by taking into account 

previous studies.[55] The temperature of the substrate was set at 90 °C, the distance between 

the spray head and the substrate at 4.5 cm, the solution concentration at 0.5 mg.ml-1, the flow 

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) to 4 PC were 

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

 Spin Coating 

  The spin coating deposition method involves the deposition of a drop of a solution 

onto a substrate in rotation. Thanks to centrifugal forces, the solution is spread over the 

surface of a given substrate, allowing the efficient preparation of homogeneous thin films.[115] 
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However, the spin coating process has some limitations: (i) it is a non-scalable process and 

(ii) the nanowires are often orientated radially from the middle of the electrode due to the 

centrifugal forces induced by the rotation of the substrate.[116] In this PhD study, the 

parameters of deposition were adjusted in order to get a random and homogeneous network. 

Two coating steps of 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 step.[55] The initial solution of silver nanowires was 

diluted 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 films 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 between 1.2 nm at 30 kV and 3 nm at 1 kV. 

 Image processing 

 SEM characterization allowed us to calculate the network density on a substrate. By 

using the software Image J, the areal mass density (Amd) of a given network could be 

evaluated. 2 processing steps of the SEM images were first necessary before the measurement 

of the area: (i) The SEM images are first smoothed (Process -> Smooth) and normalized 

(Process -> Enhance contrast), (ii) then the image is made binary (Process -> Binary -> Make 

binary) which converts all pixels into either white or black colors (Figure 29). 
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Figure 29: Example of image processing: (i) Smoothed SEM image and (ii) image after the binary process. Scale 

bar = 200 µm. 

  By using imageJ, the area covered by silver nanowires (black 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 silver nanowires and the result is 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 

silver nanowires per unit area.  

 The pentagonal cross section was then calculated following the following expression 

(2-1): 

               !
  

 (2-1) 

 

 The length of the silver nanowire multiplied by the cross-section allowed us to obtain 

the volume of one silver nanowire. By multiplying this volume by the silver density (1.049 x 

10-8 mg.µm-3), we obtained the mass of one silver nanowire. The number of silver nanowires 

per unit area was then multiplied 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 a 2 or a 4-point-probe system. Firstly, two paths of silver paint were deposited on the 

two opposite edges of the electrode and by making the contact with the multimeter, the 

resistance of the network was then evaluated. In the case of a thin film, the resistance R could 

be related to the sheet resistance Rs via the formula: R = (L/W) x Rs where L is the length of 

the film between the two silver conductive bars and W is the width of the film. The quality of 

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

very good to 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 the four-point-probe 

method. This approach is better than the two-point-probe because it minimizes the 

contribution of contact resistance (Figure 30). However in the case of AgNW networks the 

probes can induce local damage at the contact location. 

 Optical Characterization 

 The transparency of the thin films was measured using a UV-Vis-NIR 

spectrophotometer (Perkin Elmer Lambda 950) equipped with an integrating sphere. The 

beam of photons illuminate the specimens at normal incidence (Figure 31). Either total 

Figure 30: Schematic representation of the a) two-point probes and b) four-point ones.
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transmittance, which includes both unscattered and scattered transmitted light, or diffuse 

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

 

Figure 31: Schematic representation of the integrating sphere of a UV-Vis-NIR spectrophotometer. The set-up is 

equipped with a light trap in the case of measuring diffuse transmittance.
[117]

 

 

 In-situ thermal annealing  

 The impact of thermal annealing on silver nanowire networks produced in this work 

was investigated by using an in situ set-up developed in LMGP in Grenoble (Figure 32). The 

electrode was left on a hot plate connected to a temperature controller (Eutherm model: 3504 

series) that allows the control of annealing ramp, time and temperature. Thanks to appropriate 

software (LabView), the temperature of the hot plate could be collected. Moreover, two 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 while the temperature was 

varied: a ramp of 5 °C/min from room temperature (~20-22°C) to 400 °C was applied. In this 

way, the temperature at which the resistance was a minimum could be found. 
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Figure 32: Schematic representation of the Thermal annealing set-up. 

2.3.2. Impact of the deposition method on the network properties 

 Ultra-long nanowires were easily processed into transparent conductive films. Figure 

33 shows the SEM images of the thin films of the same nanowire solution (Ag 124) deposited 

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

 

Figure 33: SEM images of a suspension of Ag124 deposited by a) spin Coating, b) Mayer rod coating and c) 

spray coating. Scale bar = 100 µm. 

  At first glance, there is a dependence of the deposition 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 silver nanowires are formed upon deposition via spray injection. Nevertheless, 




























































































































































































