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ABSTRACT 

 

 

APPLICATIONS OF SILVER NANOWIRE NETWORKS                                

IN OPTO-ELECTRONIC DEVICES 

 

 

Coşkun, Şahin 

Ph.D., Department of Metallurgical and Materials Engineering 

Advisor: Assoc. Prof. Dr. Hüsnü Emrah Ünalan 

 

January 2018, 159 pages 

 

The demand for electronic devices such as smart phones, touch screens and 

flat panel televisions has been increased over the past decade. These devices need 

transparent conductors and the most widely used transparent conductor as electrode 

in these devices is indium tin oxide (ITO) due to its high transparency and low sheet 

resistance. However, ITO thin films have some drawbacks. They are expensive, 

difficult to deposit, poorly compatible with flexible substrates. Hence, better 

alternatives for transparent conductors are being studied. Recently, metal nanowires 

have received a lot of attention due to their unique physical, chemical and optical 

properties. Due to excellent properties of bulk silver, silver nanowires have been 

widely investigated. Recently, it was proved that silver nanowire networks provide a 

suitable path for charge transport and transmit incident visible light. In this thesis, 

silver nanowires were synthesized in a larger scale via modified polyol process. 

Afterwards, as synthesized silver nanowires in the form of networks were used to 

fabricate transparent and conducting electrodes. This was followed by the use of 

silver nanowire network based transparent and conducting electrodes were used as 

anodes in organic light emitting diodes (OLEDs). Finally, ambient stability of silver 

nanowire networks and fabrication of NiO / Ag NWs nanocomposite electrodes were 

investigated. 
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ÖZ 

 

GÜMÜŞ NANOTEL İNCE FİLMLERİN OPTO-ELEKTRONİK 

CİHAZLARDAKİ UYGULAMALARI 

 

Coşkun, Şahin 

Doktora, Metalurji ve Malzeme Mühendisliği 

Tez Yöneticisi: Doç. Dr. Hüsnü Emrah Ünalan 

 

 

Ocak 2018, 159 sayfa 

 

Akıllı telefonlar, dokunmatik ekranlar ve LCD televizyonlar gibi elektronik cihazlara 

duyulan talep geçtiğimiz on yılda oldukça artmıştır. Bu cihazların ortak özelliği ise 

hepsinde şeffaf iletken elektrotların kullanılmasıdır. Ticari olarak en çok kullanılan 

şeffaf iletken elektrot malzemesi ise görünür ışığa karşı yüksek şeffaflığı ve düşük 

düzlemsel direnci sebebiyle indiyum kalay oksittir (ITO). Ancak indiyum kalay 

oksitin esnek altlıklara uyumsuzluluğu, pahalı olması ve kaplama yönteminin 

zorluğu sebebiyle alternatif şeffaf iletken malzemeler konusunda araştırmalar 

yapılmaktadır. Son zamanlarda, metal nanoteller benzersiz fiziksel, kimyasal ve 

optik özelliklerinden dolayı büyük ilgi görmüştür. Kütle gümüşün mükemmel 

özellikleri nedeniyle, gümüş nanoteller de büyük ilgi görmüştür. Yakın geçmişte, 

gümüş nanotel ince filmlerin elektrik yüklerine uygun bir yol sağlarken görünür ışığa 

karşı da şeffaf olduğu ispatlanmıştır. Bu tezde, öncelikle gümüş nanoteller modifiye 

polyol prosesi ile daha geniş ölçekte sentezlenmiştir. Daha sonra, sentezlenen gümüş 

nanoteller şeffaf ve iletken elektrotları üretmek için kullanılmıştır. Bunu takiben, 

gümüş nanotel ince filmler polimer ışık yayan diyorlarda (PLED) anot malzemesi 

olarak kullnılmıştır. Son olarak, gümüş nanotel ince filmlerin ortam kararlılığı ve 

nikel oksit / gümüş nanotel nanokompozit elektrotların üretimi incelenmiştir. 



 

viii 
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CHAPTER 1 

 

INTRODUCTION 

  

 

Recently, population of the world in conjunction with accessibility of the people to 

technology and electronic devices showed a considerable increase. In parallel the 

diversity and the use of these electronic devices gradually increased the world’s 

energy demand gradually. However, the current and major fossil based energy 

sources are limited. In addition, pollution of earth by the waste of fossil based energy 

sources is another problem. Many research projects focus on new, clean and 

renewable energy sources such as wind, wave and solar. When one looks at the new 

renewable energy sources, solar cell technology stands out as the most promising one 

due to its ability to directly convert sunlight into electricity. Moreover, solar cells do 

not require complex or moving parts unlike wind turbines. In addition to new clean 

energy sources as stated above, there are also developments in decreasing the energy 

consumption of the existing devices. Organic light emitting diodes (OLEDs) and 

smart windows are the two common examples for energy efficient devices. 

Currently, OLEDs are used in televisions, monitors, cell phones and even in 

buildings for lighting purposes. OLEDs convert almost all of the supplied electricity 

into light, while for halogen lamps this conversion is only around 5%, remainder is 

emitted as heat. Smart windows decrease the use of air conditioners by blocking 

infrared (IR) portion of sunlight, which corresponds to nearly half of the energy 

provided by the sunlight.  

 

These new technologies would take place in our life only when they are produced 

abundantly and economically. In order to produce these devices abundantly, each 

component that form the device should be cheap. One of the most widely used 
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components in thin film and third generation solar cells, OLEDs and smart windows 

is transparent and conducting contacts (TCCs) or alternatively transparent conducting 

oxides (TCOs). A TCC takes place on top of a solar cell and used for charge 

collection. Since it is transparent, it does not prevent sunlight reaching the 

photoactive layer of the solar cell and since it is conducting, it can effectively collect 

charges. The most widely used and commercial TCC is indium tin oxide (ITO).  ITO 

based TCCs have been widely used not only in solar cells and OLEDs, but also in 

touch screens and smart windows. New device architectures increase the demand on 

TCCs and require even higher performance and especially mechanical flexibility. 

Moreover, due to its crystalline structure ITO’s flexibility is very limited. It seems 

that ITO will not be able to meet the flexibility requirements of flexible electronics. 

At this point, ITO starts to fail. Moreover, indium sources are limited and therefore 

its price is gradually increasing. Its price in the market almost tripled in the last five 

years. In addition, in order to deposit ITO thin films with high transparency and low 

sheet resistance, vacuum processes and complex fabrication set-ups such as radio 

frequency-sputtering (RF) are required.   

 

Due to the reasons listed above, scientist started to develop new TCCs that possibly 

replace ITO. Primary requirement is that they should be produced in large scale. 

Firstly, other metal-based doped oxides were investigated. Aluminum doped zinc 

oxide (AZO), fluorine doped tin oxide (FTO) are a few examples of such systems. 

However, they showed similar properties with ITO and so suffered from discussed 

issues. Single-walled carbon nanotube (SWCNT) thin films were then introduced as 

alternatives to TCCs. However, due to very high tube-to-tube contact resistance of 

SWCNTs, the electrical properties of SWCNT thin films were found to be inferior 

that of ITO. Moreover, since SWCNT thin films contain metallic and 

semiconducting tubes as a mixture, the semiconducting ones create Schottky 

junctions and deteriorate conduction. Recently, graphene started to be investigated as 

another alternative and showed promising results, especially in sheet resistance 

values. However, its electrical properties must be further enhanced for current driven 

devices, such as solar cells. Besides these alternatives, random networks of metallic 

nanowires are also realized as TCCs. Random networks of silver nanowires (Ag 
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NWs), in particular, showed optical and electrical properties that are comparable to 

that of commercially available ITO. 

 

Nanotechnology made it possible to produce materials at nano-scale. Interestingly, 

materials at nano-scale showed unprecedented properties different than their bulk 

counterparts. These new properties enabled nanomaterials to find new application 

areas. A material can be formed into a nanostructure by two different approaches. 

The first one is the ―top-down‖ approach. In this technique, one start with a bulk 

material and reduce its size to reach below the ―nano‖ size. Top-down approach 

results in nanomaterials with artifacts and poor surface quality. The second approach 

is the ―bottom-up approach‖. This approach is based on the assembly of atoms one-

by-one to form the nanostructured material. Nanostructured materials are divided 

into four groups according to their dimensionality. These are zero dimensional (0-D) 

quantum dots, one dimensional (1-D) nanowires, two dimensional (2-D) nano sheets 

and three dimensional (3D) nanoparticles. Nanowires are 1-D nanomaterials and 

their diameter is generally lower than 100 nm. They have micron scale lengths; 

therefore, their aspect ratio is very high. Ag NWs have received much attention 

especially in the last decade due to readily unique properties of bulk silver, such as 

the highest electrical conductivity among other metals and highest thermal 

conductivity among all types of materials. Nanowire form of Ag possess unique 

electrical and optical properties besides its inherited properties from the bulk.  

 

So far, many different techniques have been developed for the synthesis of Ag NWs. 

For instance, Vapor-Liquid-Solid (VLS) growth technique can be used for their 

synthesis. VLS technique was widely used to grow metallic and semiconducting 

nanowires or nanotubes due to its ability to synthesize highly pure and crystalline 

nanostructures. However, catalyst contamination and high cost equipment limit the 

scope of this method [1]. Alternative Ag NW synthesis techniques can be divided 

into template-directed and template-free subgroups. Template-directed synthesis of 

nanowires involves chemical or electrochemical deposition of silver metal within the 

channels of nanoporous membranes [2]. Various templates made of both hard and 

soft materials were investigated for the synthesis of nanowires. Investigated hard 

templates include porous anodic alumina [3] or track-etched polycarbonate [4], pores 
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within zeolite [5] or mesoporous silica [6], CNTs [7] and steps or edges supported on 

solid substrates [8].  Although these templates were effective in fabricating 

nanowires with uniform and controllable dimensions, most of them needed to be 

selectively etched under harsh conditions in order to obtain nanowires. Alternatively, 

soft templates can be used. Soft templates used in literature include poly vinyl 

alcohol (PVA) [9], deoxynbonucleic acid chains (DNA) [10], self-assembled 

copolymers [11], cetyl trimethylammonium bromide (CTAB) [12], sodium bis(2-

ethylhexyl) sufosuccinate (AOT) /p-xylene/water [13] arrays of calix 

(4)hydroquinone nanotubes [14]. In general, limitation of the nanowire diameter by 

the pore size of the template, limited amount of pores and usually high cost of the 

template are the disadvantages of these template based methods. Several direct 

chemical or electrochemical template-free synthesis techniques of Ag NWs were 

developed as alternatives. With the help of a developer by reducing silver nitrate 

(AgNO3) and using silver bromide (AgBr) nanocrystals, Ag NWs were synthesized 

(24). Ultraviolet (UV) irradiation or electroreduction in aqueous solution are other 

template free methods. However, low yield, irregular morphology, polycrystallinity 

and low aspect ratio of the obtained nanowires are the main disadvantages of these 

template free methods.  

 

On the other hand, so called Polyol process, which deprived all these disadvantages, 

stands as an alternative method for the synthesis of Ag NWs. Polyol process seems to 

be the most suitable and feasible method for the mass production of Ag NWs. It is 

also convenient and highly efficient when compared to other techniques discussed 

above. Polyol process is based on the reduction of metallic salts by polyols at 

elevated temperatures and controlled nucleation followed by 1D growth of metallic 

nanowires with the help of a surfactant. This solution based synthesis method was 

first introduced by Fievet and co-workers for the synthesis of colloidal particles of 

metals and alloys such as silver (Ag), gold (Au), copper (Cu), cobalt (Co), palladium 

(Pd), iridium (Ir), platinum (Pt), ruthenium (Ru), cobalt nickel alloy (CoNi) and iron 

nickel alloy (FeNi) [15]. Basicaly, this process starts with the reduction of an 

inorganic salt by a solvent at an elevated temperature. Then, continued addition of a 

stabilizer polymer prevents the agglomeration of the colloidal particles. Since the 

polyols can dissolve many inorganic salts and that they have highly temperature 

http://en.wikipedia.org/wiki/Cetyl_trimethylammonium_bromide
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dependent reducing ability, they become very popular for the synthesis of metal 

colloidal particles [16]. Later on, Xia and co-workers developed a suitable polyol 

process for the shape controlled synthesis of Ag nanostructures [17]. In this method, 

ethylene glycol (EG) was used both as a solvent and reducing agent, 

poly(vinylpyrrolidone) (PVP) was used as a stabilizing agent and AgNO3 was used 

as the Ag source. Following the synthesis, Ag NWs are purified via centrifugation. 

Optical polarizers [18], photonic crystals [19], catalysts [20], surface enhanced 

Raman spectroscopy [21] are only a few application areas of Ag NWs. Recently, a 

new application of Ag NWs has also been demonstrated, in which the nanowires are 

used to fabricate TCCs. Since Ag NWs are long, they can percolate and provide a 

suitable path for charge transport and their small enough diameter makes these 

networks transparent in the visible portion of the electromagnetic spectrum 

(wavelengths between 400nm and 700 nm). In this thesis, firstly (Chapter 2) classical 

polyol process was modified in order to obtain silver nanowires in a larger scale. 

Then, Fabrication of TCEs using as synthesized Ag NWs was investigated (Chapter 

3). Effect of Ag NWs density, annealing temperature and time were investigated on 

opto-electronic properties of Ag NWs based transparent conductors with optimum 

visible transparency and sheet resistance combination. In the following part of the 

thesis, (Chapter 4), in order to investigate the performance of fabricated transparent 

and conducting Ag NW networks they are used as anode to fabricate a PLED. In the 

fifth chapter (Chapter 5), stability of Ag NWs was investigated. Effect of ambient 

conditions, solvent type and direct current (DC) on morphology and structure of Ag 

Nws. In the final part of the thesis (Chapter 6) effect of sol-gel coated nickel oxide 

thin films on opto-electronic properties of Ag NWs networks were investigated. 
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DISSERTATION OBJECTIVES 

The limitations of ITO have motivated a search to find a flexible and low cost 

alternative that can be deposited via simple, solution based deposition methods. 

According to recent studies, Ag NWs based transparent conductors show comparable 

transmittance and sheet resistance behavior to that of ITO.  On the other hand, there 

are no systematic studies on the parameters affecting opto-electronic properties of Ag 

NWs based transparent conductors. The aim of this dissertation is to investigate opto-

electronic properties of Ag NWs based transparent conductors and their 

demonstration in polymer light emitting diode (PLED) devices as anode. In addition, 

stability of Ag NWs based transparent conductors and compatibility with NiO thin 

films were also investigated. 

 

Six specific chapters address these questions with the following objectives: 

1. To synthesize Ag NWs in large scale via modified polyol process (Chapter 

2), 

2. To fabricate transparent and conducting Ag NW network based electrodes 

(Chapter 3), 

3. To investigate effect of parameters on the opto-electronic properties of Ag 

NW based transparent electrodes (Chapter 3), 

4. To utilize Ag NW network based transparent electrodes in PLEDs as anode 

(Chapter 4), 

5. To investigate ambient stability of Ag NW networks (Chapter 5 ), 

6. To investigate opto-electronic behaviors of sol-gel coated nickel oxide (NiO) 

thin films on Ag NW networks (Chapter 6). 
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CHAPTER 2 

 

SYNTHESIS OF SILVER NANOWIRES 

 

2.1. Introduction 

 

Metallic nanowires can be synthesized via various techniques that are demonstrated 

in literature. Vapor-Liquid-Solid (VLS) based methods are one of the first 

approaches to fabricate nanowires. VLS technique was widely used to grow metallic 

and semiconducting nanowires due to its ability to synthesize highly pure and 

crystalline nanostructures. However, catalyst contamination and high cost equipment 

limit the scope of this method. Then, chemical based methods were offered. 

Synthesis of metallic nanowires via chemical reduction of precursors can be 

classified mainly two groups as templated and template-free routes. Firstly, 

templated methods were applied for the fabrication of metallic nanowires.  

Templated fabrication of metallic nanowires is based on the electrochemical 

reduction of the metal ions inside the nano-pore channels of an insulating membrane 

which is fabricated via self-assembly methods. On the other hand, template-free 

methods for the synthesis of metallic nanowires are based on reduction of silver ions 

in well-designed conditions and obtaining anisotropic growth with the help of a 

suitable capping agent.  

 

2.2. Templated Methods 

 

So far, via utilization of template-based routes, Ag NWs were fabricated successfully 

using porous hard templates such as nanoporous materials [22-24], polymeric 

templates [25-28], biomolecules [29-31], or carbon nanotubes [32]. This type of 

approach provides one of the most straightforward methods of guiding the growth of 
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silver nanocrystals into nanowires either in cylindrical nanochannels or in a tubular 

one dimensional objects. Although nanowires of silver and other metals can be 

fabricated with the assistance of templates listed above, the preparation and removal 

of templates are costly and the quality of the resulting metallic nanowires, in terms of 

crystallinity and surface smoothness make them not suitable to be used in 

optoelectronic applications. In addition, the low yields of Ag NWs with an irregular 

morphology and low aspect ratio have limited their large-scale production with this 

method. Furthermore, to obtain the nanowires, the templates need to be fabricated 

before the synthesis of nanowires and removed selectively (by chemical etching or 

calcination) in a post-synthesis process to obtain the nanowires. Purification of 

nanowires is a time-consuming and high-cost process since the templates can only be 

used once in these nanowire fabrication methods. 

Kim et al. showed fabrication of Ag NWs within the nano cylindrical channels of 

anodic aluminum oxide (AAO) [33]. Figure 2.1 shows schematic diagrams of Ag 

NWs formation in the AAO membrane via the electroless and thermal reduction 

process. Figure 2.1 (c) shows the steps of electroless deposition performed by 

dropping an aqueous solution of 0.1M silver nitrate (AgNO3) into nanochannels and 

thermally reduced by increasing the temperature to 350°C, and silver nanowires were 

separated by immersing the sample in a sodium hydroxide (NaOH) solution.  
 

 
Figure 2.1 Schematic presentation of Ag NW formation in AAO prepared by 

electroless deposition and thermal reduction. (a) The AAO membrane was fabricated 

by a two-step anodization process through pore widening. (b) Ripping the aluminum 
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layer from AAO. (c) AgNO3 was electroless deposited into the nanochannels of the 

AAO membrane. (d) The AAO membrane was dissolved by immersing into 0.2M 

NaOH for 1 h to separate the Ag NWs [33]. 

 Figure 2.2 shows scanning electron microscopy (SEM) images of the surface of the 

AAO membrane after the second anodization process. The thickness and pore size of 

the AAO can be controlled by changing the concentration of electrolytes, the time of 

anodic oxidation, time of pore widening, and other conditions. A self-ordered AAO 

membrane has around 50 nm pores as shown in Figure 2.2(a). The nanopores exhibit 

almost perfect two-dimensional arrays with a hexagonal pattern. Hexagonal patterns 

are more apparent if the pore size is larger than 80 nm. In this image, it could be 

confirmed that around 50 nm nanopores can be prepared by immersing the sample in 

a 0.1 M phosphoric acid solution at 60°C for 2 hours. Figure 2.2 (b) shows that the 

nanochannels can be comparatively homogeneous without distorting the structure, 

resulting in them being highly oriented in one direction with a large aspect ratio. 

Figure 2.2 (c) shows a cross-sectional image of a sample prior to the pore widening 

process. In the sample, the distance among the pores is around 100 nm with a pore 

size of 10 nm. Figure 2.2 (d) shows the pore sizes around of 100 nm following the 

widening process for 4 hours is provided.  
 

 
Figure 2.2 (a) SEM image of the AAO membrane fabricated by a second 

anodization process using a pore widening process for 2 h (pore size about 50 nm). 
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(b) A cross-sectional image of the AAO membrane (pore size about 50 nm). (c) A 

cross-sectional image of AAO membrane (pore size about 10 nm) without applying 

the pore widening process. (d) After four hours of the pore widening process (pore 

size about 100 nm) [33]. 

 
Figure 2.3 shows SEM images of Ag NWs on the AAO membrane. In electroless 

deposition, 0.1 M AgNO3 solution was directly dropped into the AAO membrane. 

The nanopores have a strong capillary force when the Ag solution is deposited onto 

the surface resulting in spontaneous ion movement into the nanochannels. When Ag+ 

ions were dissolved in the aqueous solution, the surface tension of this solution is 

smaller than that of pure water droplets. Consequently, the Ag+ solution has a smaller 

wetting angle than the water itself. Even though the nanochannels have a strong 

capillary force, the intermolecular interactions between the alumina surface and Ag+ 

solution are of an immiscible phase resulting in strong surface tensions. Generally, 

the oxide surfaces show hydrophobic properties and repel water droplets minimizing 

the surface tension. To improve the final density of the Ag NWs, the AAO 

membrane was immersed in a 0.1 M AgNO3 solution under ultrasonic agitation for 1 

min to eradicate the air bubbles in the nanopores. This step is quite significant for the 

fabrication of high quality nanowires. Figure 3 (a-b) shows the SEM images of an 

AAO membrane surface after thermal reduction at 350°C for 1 h. It seems that Ag 

NWs were coalesced on the surface of AAO because the gravity of the metal silver is 

10.5. The Ag NWs are sufficiently small after being thermally reduced and can be 

easily melted because their high surface area, even though the melting point of silver 

is 961oC.  
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Figure 2.3 Top view SEM image of Ag NW arrays grown on the surface of AAO 

membrane: (a) low magnification image, (b) high magnification image, SEM image 

of (c) and (d) silver nanowires after eliminating the AAO membrane in a NaOH 

solution [33]. 

 
2.3. Template-Free Methods 

 

Basically, the template-free methods are simpler and less expensive compared to 

template-base methods, since they do not require hard or soft templates or any post 

treatment processes for the template removal. Instead, nanostructures grow form 

nanoparticles that were either homogenously or inhomogeneously nucleated. 

 

2.3.1. Polyol Process  

 

In the one-pot reduction route, silver precursors are added slowly to reaction systems 

generally using syringe pumps. At the initial stage of the reaction, the Ag atoms are 
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generated and condense into nuclei with the appropriate crystalline structures to 

serve as seeds for the further deposition of Ag atoms in a continuous reaction. This 

leads to the growth of Ag NWs. On the other hand, with the anisotropic growth 

directed by a surfactant using polyol both as a reductant and solvent, nanoparticles 

were generated by the reduction of precursors. With this method, many types of Ag 

precursors can be used to synthesize Ag NWs. The polyol method is the most 

popular method for preparation of Ag NWs with a uniform size and morphology. For 

example, Sun et al. reported the polyol reduction of AgNO3 with the assistance of 

polymeric surfactants, such as poly(vinylpyrrolidone) (PVP) in the presence of Pt 

seeds, which is one of the most successful fabrication routes for the synthesis of high 

quality Ag NWs in large quantities [34]. According to this method, ethylene glycol 

(EG) was used as a reduction agent and solvent to fabricate AG NWs with a well-

controlled morphology and uniform size in the presence of PVP. In addition, exterior 

Pt nanoparticles serve as crystal seeds for the crystallization of silver atoms at the 

initial stage. The characteristic results of the Ag NWs grown through the polyol 

process suggests that each nanowire is grown from a decahedral seed with the 

assistance of PVP. Silvert et al. proposed the following mechanism for this method: 

each Ag decahedral particle with five-fold multiple twinned structures has fivefold 

symmetry with its surfaces bounded by ten facets [35].  

 

Among all synthesis methods of 1D silver nanostructures, solution based polyol 

process is the most effective one in terms of its cost and simplicity. In addition, 

polyol process is also the most promising method for the large-scale synthesis of Ag 

NWs. Moreover, commercially available Ag NWs were also synthesized via polyol 

process (Cambrios, Bluenano etc.). 

 

2.3.2. History and Development of Polyol Process 

 

As it was discussed in previous chapter, polyol process was first introduced by Fievet 

and co-workers the synthesis of colloidal particles of various metals and alloys [36]. 

This approach is based on reduction of an inorganic salt by a solvent at an elevated 

temperature. Then, continued addition of a stabilizer polymer prevents the 
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agglomeration of the colloidal particles. Since the polyols can dissolve many 

inorganic salts and have a highly temperature dependent reducing ability, they 

become very popular for the synthesis of colloidal metal particles [37]. In particular, 

the temperature dependent reducibility of this process makes it suitable over a broad 

range of size and shape. In polyol process, one can easily control the nucleation and 

growth stages via temperature. In addition, some more reactive and less reducible 

metals such as Ni, Cd, Co, Pb and Bi can be reduced by high boiling point solvents 

[38]. In 2002, Xia and co-workers developed a suitable polyol process for the shape 

controlled synthesis of Ag nanostructures [39].  

 

Although polyol synthesis of Ag NWs seems to be very clear and straightforward, 

several modifications were investigated. Manipulation of process parameters or 

addition of different reagents resulted in the synthesis Ag NWs with different sizes 

and morphologies. 

 

2.3.3. Seed-mediated growth approach 

 

Murphy et al. firstly reported the synthesis of Ag NWs with uniform diameter by 

seed-mediated growth approach in a rod-like micellar media [40]. Two steps were 

needed in order to achieve the formation of Ag NWs. Firstly, silver nanoseeds with 

an average diameter of 4 nm were prepared by chemical reduction of AgNO3 by 

sodium borohydride (NaBH4) in the presence of trisodium citrate (Na3C6H5O7). Then 

AgNO3 was reduced by ascorbic acid (C6H8O6) in the presence of silver seeds 

obtained in the first step. Then micellar template cetyltrimethylammoniun bromide 

(CTAB), and NaOH were used in order to synthesize the nanorods and nanowires 

with various aspect ratios. This seed-mediated growth approach is capable of 

synthesizing Ag NWs with different aspect ratios. However, it was always a great 

challenge to achieve precise control over the length and width of Ag nanorods and 

nanowires. At the same time, silver nanorods and nanowires with pentagonal cross-

sections have been proposed to initiate from the evolvement of decahedra. Figure 2.4 

shows TEM image of Ag NWs synthesized by seed-mediated polyol process. 
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Figure 2.4 TEM image of shape-separated Ag NWs synthesized through seed-

mediated approach [40]. 

 

2.3.4. Seedless and surfactantless wet chemical synthesis 

Most of the Ag NW synthesis procedures use surfactants or stabilizing polymers. 

Then, multiple washing or centrifuging steps are needed for the removal of these 

agents from the surfaces of the nanowires. In some applications, for example sensing, 

the surface-bound residuals, which remain from the synthesis, increases the difficulty 

of modification of surface chemistry. Murphy and co-workers reported a method to 

synthesize crystalline Ag NWs in water without adding seed crystallites. 

Furthermore, they did not use any surfactant or polymer to direct the nanoparticle 

growth. [40]. They reduced AgNO3 to metallic silver at 100 °C by sodium citrate in 
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the presence of NaOH. In this process, hydroxide ion concentration was an important 

factor in determining the morphology of the final product. As synthesized Ag NWs 

were up to 12 µm in length. The citrate has multiple tasks in this process. It not only 

strongly form complexes with the silver ions but also responsible for the reduction to 

metallic silver and acts as a capping agent to the silver metal. Although only small 

amount of hydroxide exists in the reaction solution and hydroxides usually form 

weak complexes with the silver ions, it is enough to interfere with the capping ability 

of citrate and lead to the formation of Ag NWs. Figure 2.5 shows TEM images of Ag 

NWs synthesized using seedless and surfactantless method. However, due to absence 

of surfactant and agglomeration problem is a deficiency of this approach. 

 
Figure 2.5 TEM micrographs of Ag NWs synthesized with 3 µL of NaOH added at 

magnifications of (a) 15 kX  and (b) 100 kX [40]. 

 

2.3.5. Seedless and surfactant assisted synthesis 

Moreover, due to limitations of surfactantless approach such as inability to precisely 

control the dimensions and morphologies of the product, this method was not 

preferred. Tian et al.  demonstrated a seedless surfactant assistant process to 

synthesize high-quality Ag nanorods and nanowires in large quantities [41]. In this 

method, AgNO3 is reduced by trisodium citrate (Na3C6H5O7) in the presence of 

sodium dodecylsulfonate (SDSN). Tri-sodium citrate plays an important role, and 

SDSN only has an assisting role as a capping agent in the formation of Ag NWs. The 

actual concentration of SDSN used in the experiment was only 1 mM, which was far 
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lower than the critical concentration for the formation of spherical micelles (9.7 mM, 

40 °C). Especially, the critical concentration of the micelle formation for SDSN 

increases with temperature. So there are no SDSN micelles formed to serve as a soft 

template during the entire nanostructure forming process. The diameters and aspect 

ratios of Ag NWs or nanorods can be controlled by changing the concentration of tri-

sodium citrate. However, it does not mean that SDSN is unnecessary for the 

formation of nanorods or nanowires. Ag NWs cannot be formed under too low or too 

high concentrations of SDSN. The key to form Ag NWs is to precisely control the 

trisodium citrate concentration for a fixed SDSN concentration. 

 

 
Figure 2.6 TEM and SEM images of silver nanorods and nanowires prepared using 

a,b) 0.8 mM  Na3C6H5O7 and c,d) 1.2 mM Na3C6H5O7 [41]. 
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Figure 2.7 shows the proposed schematic for the growth of Ag nanorods and 

nanowires. At a lower concentration of tri-sodium citrate below 0.2 mM, Ag 

monomer concentration favors the formation of nanospheres according to Ostwald 

ripening and small particles dissolve into the solution and deposit onto large 

particles. At a higher concentration of tri-sodium citrate beyond 0.2 mM, large 

quantity of monomers is produced in the solution and the growth mode is diffusion-

controlled. It is well documented that the activation energy of the (110) facet is lower 

than that of (100) and (111) owing to the relatively high surface free energies of a 

face centered cubic (FCC) structured metal particle. Therefore, monomer particles 

grow up along <110> directions owing to the strong bonding abilities and chemical 

reactivities of (110) facet. Thus, nanorods are obtained. At higher concentration tri-

sodium citrate (>0.8 mM), nanowires with smaller diameter and higher aspect ratio 

can be formed because of the higher Ag monomer concentration and high velocity of 

crystal growth. 

 

 
Figure 2.7 Schematic illustration of the experimental mechanisms to generate 

spherical, rod and wire-like nanoparticles [41]. 

 

Figure 2.8 (a) shows a schematic illustration for the evolution of Ag NWs from 

multiple twin particles (MTPs). Since PVP molecules cover and passivate (100) 

surfaces of Ag MTPs, newly reduced Ag atoms are added into active (111) planes. 

Figure 2.8 (s) shows how Ag atoms diffuse into (111) planes of the Ag NWs. 
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Figure 2.8 Schematic illustration of the mechanism proposed to account for the 

growth of silver nanowires with pentagonal cross sections: (a) Evolution of a 

nanorod from a MTP of silver under the confinement of five twin planes and with the 

assistance of PVP. The ends of this nanorod are terminated by {111} facets, and the 

side surfaces are bounded by {100} facets. The strong interaction between PVP and 

the {100} facets is indicated with a dark-gray color, and the weak interaction with 

the {111} facets is marked by a light-blue color. The red lines on the end surfaces 

represent the twin boundaries that can serve as active sites for the addition of silver 

atoms. The plane marked in red shows one of the five twin planes that can serve as 

the internal confinement for the evolution of nanorods from MTP. (B) Schematic 

model illustrating the diffusion of silver atoms toward the two ends of a nanorod, 

with the side surfaces completely passivated by PVP. This drawing shows a 

projection perpendicular to one of the five side facets of a nanorod, and the arrows 

represent the diffusion fluxes of silver atoms [42]. 

 

2.3.6. Salt-mediated polyol method 

Based on the PVP-assisted polyol method, Xia and co-workers also developed a salt 

mediated polyol process to synthesize Ag NWs [43,44]. The addition of a trace 
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amount of salt, such as sodium chloride (NaCl), iron nitrate (Fe (NO3)3), copper (II) 

chloride (CuCl2) and copper (I) chloride (CuCl) has been shown to influence the 

morphology of the final products. Usually salt-mediated synthesis strategy is a 

simple and effective method for the large scale synthesis of the Ag NWs. For 

example, they synthesized Ag NWs with high yields by reducing AgNO3 with EG 

heated at 148 °C in the presence of PVP and a trace amount of NaCl. It was found 

that oxygen must be removed from the reaction solution in the presence of Cl- anions 

in order to obtain Ag NWs. Figure 2.9 shows the proposed mechanism of oxidative 

etching and growth of MTPs. Five-twinned decahedral particles were proposed to be 

seeds of Ag NWs. The defects among single-crystal tetrahedron subunits of 

decahedral particles provide high-energy sites for atomic addition, leading to one 

dimensional Ag products via anisotropic growth along the <110> direction. The 

addition of chloride causes enhanced oxidation and preferential etching of twinned 

particles, leaving only single-crystal particles (or seeds) to grow. Under similar 

conditions, Xia’s experiment has been carried out within argon atmosphere, which 

supplied an anoxic (non-oxidative) condition and the twinned particles that formed in 

the early stage of the reaction could grow into uniform nanowires [45]. 

 

 

 
Figure 2.9 Illustration of the proposed mechanism by which twinned decahedron 

was etched with the existence of O2/Cl and Ag NWs were obtained under argon 

protection [45]. 
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2.4 Nanowire Characterization Methods 

 

2.4.1 Scanning Electron Microscopy (SEM) 

Products of the polyol process were analyzed by Field Emission Scanning Electron 

Microscopy (FE-SEM) (Nova NanoSEM 430) operated at 10 kV voltage. For the 

preparation of SEM samples, ethanolic solution of nanowires were simply sprinkled 

onto silicon wafer and allowed to dry. They were then placed onto SEM stubs with 

carbon tapes. No gold or carbon coating was utilized. 

 

2.4.2 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscope (TEM) was used to observe the surface 

morphology in atomic scale. For the preparation of TEM samples Ag NWs 

suspended in ethanol were simply drop casted on holey carbon coated 400 mesh 

copper grids. A JEOL 2010 high-resolution transmission electron microscopy 

(HRTEM) operated at 200 kV was used for characterization. 

 

2.4.3 XRD Measurements 

X-ray diffraction (XRD) analyses were performed for phase identification of the 

products. The crystal structure of the Ag NWs was investigated by XRD on a Rigaku 

D/Max-2000 pc diffractometer with Cu Kα radiation operating at 40 kV range of 30-

60° at a scanning rate of 1°/min. 

 

2.5 Experimental Details 

All glassware (Erlenmayer bulbs, beakers) used in the experiments were cleaned 

using detergent (Alconox), deionized water, basic solution (pH: 11), acidic solution 

(pH: 2), acetone (99.8%), isopropyl alcohol (99.8%) and finally deionized water 

(18.3 MΩ) through 5 minutes sonication for each. All chemicals were purchased 

from Sigma-Aldrich and used without further purification.  
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In a previous work, an extensive parametric study was conducted on the polyol 

synthesis of Ag NWs [21]. Parameters such as temperature, injection rate, 

PVP:AgNO3 ratio, NaCl amount and stirring rate were investigated. Although the 

optimized parameters were quite successful in order to obtain Ag NWs with high 

yield and narrow size distribution, the amount of obtained Ag NWs was very limited 

(~50 mg/experiment). Since Ag NWs will be needed in large quantities, classical 

polyol process need to be modified, so then larger scale synthesis of nanowires 

became possible [46]. In the modified version of synthesis experiments, temperature 

was used to simply control the reducing power of EG. Hence, the precursor can be 

safely added into reaction bath in larger volumes. A typical experiment starts with 

the preparation of an 80 ml and 0.45 M EG solution of PVP (monomer-based 

calculation MW= 55000) and a 1 mM NaCl (99.5%) in an erlenmeyer bulb. 

Ingredients dissolved in ethylene glycol at 100°C and then the solution was cooled 

down to the room temperature. In the meantime, a 0.12 M AgNO3 (99.5%) solution 

in 40 ml EG was prepared at room temperature. After that, the AgNO3 / EG solution 

was heated to 120 °C in a silicon oil bath on a hot-plate. Also a reflux unit was used 

to eliminate concentration changes due to heating. Then, PVP/EG solution was added 

into AgNO3 /EG solution within 10 minutes. Then, the temperature of the oil bath 

was set to 160 °C. When the oil bath reached the desired temperature, the solution 

was annealed for an additional 90 minutes. Moreover, the solution was stirred at a 

rate of 1000 rpm through a magnetic stirrer during the whole process. Figure 2.10 

shows experimental setup for the large scale synthesis of Ag NWs. 

2.5.1 Synthesis of Silver Nanowires 
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Figure 2.10 The experimental setup for Ag NW synthesis by modified polyol 

process. 

During the nanowire synthesis as the temperature starts to increase, reducing power 

of the EG increases. Hence, reduction of Ag+ ions in the solution starts according to 

the reaction shown in Figure 2.11. As a result, Ag nanoparticles start to form via 

homogeneous nucleation with various shapes. Among these nanoparticles, 

~ 400 mg 

Ag NWs 
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pentagonal shape MTPs are unique in terms of their morphology and stability in that 

reaction conditions.  

 

Figure 2.11 Schematic representation for the formation of Ag NWs in modified 

polyol process. 

As-formed Ag nanoparticles are prevented from aggregation with the help of PVP 

molecules. Chemical adsorption of PVP molecules onto the surfaces of as-formed Ag 

nanoparticles is the reason for them to remain at nanoscale [47]. As the process 

continues, some of the Ag nanoparticles start to dissolve and grow as larger 

nanoparticles via the mechanism known as Oswald ripening [38]. With the 

passivation of particular facets of these particles by PVP, some nanoparticles can 

grow into MTPs. PVP is believed to passivate (100) faces of these multi-twin 

particles and have (111) planes active for anisotropic growth at [110] direction. 

Figure 2.12 shows how PVP molecules selectively adsorb on multi-twin particles and 

ensures other surfaces remain active to obtain anisotropic growth. As the addition of 

Ag+ ions continue, MTPs grow into Ag NWs. Figure 2.13 shows an illustration of the 

growth of Ag NWs.  
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Figure 2.12 Schematic representation of the passivation of (100) planes by PVP and 

further growth through active (111) planes.  

 

 

Figure 2.13 Schematic representation of an Ag NWs. 
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Figure 2.14 shows photographs of Ag NW synthesis solution throughout the process. 

Following the introduction of PVP/EG solution and starting to increase the 

temperature of the oil bath, reduction of silver ions and formation of silver 

nanoparticles causes a series of color change in the solution. Initial color change 

shows the reduction of silver ions into metallic silver and thus the formation of silver 

nanoparticles. As the morphology, size and the fraction of the nanoparticles changes, 

the color of the reaction solution changes. Final color indicates the presence of 

nanowires. 

Following synthesis, purification of Ag NWs was done by centrifuging process. In 

order to separate PVP and EG from the Ag NWs, the solution was diluted with 

acetone (in a ratio of 1:10) and centrifuged two times at 6000 rpm for 20 minutes. 

After that, the nanowires were dispersed in ethanol and again centrifuged at 6000 

rpm for another 20 minutes. The final product was dispersed in ethanol for further 

characterization or directly coated onto carbon tapes for SEM analysis. 

SEM images of the obtained Ag NWs following purification process are shown in 

Figure 2.15. SEM images show Ag NWs have an average diameter of 50 nm. Figure 

2.16 shows TEM and HRTEM images of as-synthesized Ag NWs using modified 

polyol process. Ag NWs have smooth surface and perfect crystallinity. In addition, as 

it can be seen from the HRTEM images (Figure 16 (b) and (c)) even after 

purification a residual layer of PVP still remains on lateral surfaces of Ag NWs (2-3 

nm). Figure 2.17 shows XRD spectra of Ag NWs. All diffraction peaks belong to 

pure face centered cubic (FCC) silver (JCPDS Card No. 04-0783).  
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Figure 2.14 Photographs of the synthesis solution showing its color change during 

the Ag NW synthesis. 
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Figure 2.15 (a) Low and (b) high resolution SEM images of as synthesized Ag NWs 

using modified polyol process. 

 

 

 

Figure 2.16  (a) and (b) TEM and (c) and (d) HRTEM images of as synthesized Ag 

NWs using modified polyol process. 
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Figure 2.17  XRD spectrum of Ag NWs (JCPDS Card No. 04-0783) synthesized 

using modified polyol process. 
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CHAPTER 3 

 

TRANSPARENT AND CONDUCTING SILVER NANOWIRE NETWORKS 

 

 

3.1. Introduction 

 

Materials with visible transparency and electrical conductivity at the same time are 

utilized as transparent conducting contacts (TCCs). These materials are widely used 

in flat panel televisions, touch-screens, smart phones, photovoltaics, low-emissivity 

(low-e) windows, flexible electronics, organic light emitting diodes (OLEDs) and 

electromagnetic interference shielding materials. Figure 3.1 shows several current 

applications of TCCs. Moreover, the requirements in transparent and conducting 

contact market are now beyond the simple combination of high visible transparency 

and low sheet resistance. For instance, suitable work function, processing ease and 

patterning, morphology, stability, low cost, elemental abundance and compatibility 

with flexible substrates are becoming the main requirements that need to be 

addressed. Main transparent and conducting contacts are transparent conducting 

metal oxides (TCOs). So far, fluorine doped tin oxide (FTO), aluminum doped zinc 

oxide (AZO) and tin doped indium oxide (ITO) underwent a detailed investigation in 

research and industry. Since these commercially available transparent conductors 

could not meet all the requirements listed above, new alternatives are being 

investigated by many research groups [48]. However, it can be said that history of 

TCCs starts with TCOs [49]. 

3.1.1. History of Transparent Conducting Oxides (TCOs) 

 

Table 3.1 shows wide diversity of current TCO materials. Although the first studies 

about TCOs started in the beginning of last century, an enormous increase was 
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observed after 1995. This is due to global drivers for the development of improved 

TCOs for new alternative energy and less energy consuming devices. For instance, 

Figure 3.2 shows energy consumption of the world and makes very clear how it 

increased rapidly worldwide [50]. Moreover, as our daily life become more 

technological and new electronic devices are introduced, this energy demand will 

certainly continue to increase [48]. 
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Figure 3.1 Different applications of TCCs. 
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Table 3.1 Selected historical TCO references [49]. 

 

 

Figure 3.2 Energy consumption vs. year [51].  
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Global warming gradually increases due to wastes of traditional energy sources and 

carbon dioxide (CO2) emissions. As a result, in order to bring a valid solution to this 

problem the world has to develop a fully sustainable life style. For this purpose, 

sustainability must be a consideration in all aspects of technology including design, 

processing, delivery, application, service life and recycling. So how can TCCs enter 

this big scenario? In particular, they are used in alternative energy sources such as 

solar cells and energy efficient devices like OLEDs for indoor lightning and smart 

windows. In order to supply these technologies with less environmental impact and 

lower cost, constituents of these devices should also obey these prerequisites [48]. 

 

3.1.2 Current status of TCCs 

 

Today the most widely used TCC is indium tin oxide (ITO) or tin doped indium 

oxide. Moreover, it is commercially available on different substrates such as glass or 

polyethylene terephthalate (PET). Its high transparency and conductivity 

recombination and its availability as a robust film made ITO very useful for various 

applications. Solar collector panels, photovoltaic cells, low-e residential and 

commercial windows, liquid crystal displays (LCDs) and low pressure sodium lamps 

are a few applications where ITO films are used. In addition, due to ITO’s high 

infrared reflectivity, it is used in hot mirrors. However, besides these superior 

properties and wide applicability of ITO, it has some crucial drawbacks. For 

example, since indium sources are limited, its price increases gradually. Price of 

metallic indium has changed from $150 to $500 from 1993 to 2008. Moreover, ITO’s 

fragility due to its crystalline ceramic nature and lack of flexibility limit its use in 

novel flexible electronic devices. In addition, for the production of ITO films with 

high transparency and low conductivity, high cost vacuum processes such as 

sputtering is needed. Hence, new alternative materials are being investigated for the 

replacement of ITO. Aluminum doped zinc oxide (AZO), gallium doped zinc oxide 

(GZO) and indium doped zinc oxide (IZO) are other oxide based transparent and 

conducting materials. Moreover, carbon nanotube thin films and graphene sheets are 

carbon-based alternative TCCs. Recently, random networks of metallic nanowires 

were also presented as promising candidates for the replacement of ITO [48]. 
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3.1.3 Transparent and Conducting Contact Characteristics 

 

3.1.3.1 Transparency 

 

When a material is subjected to light, incident light can be reflected, absorbed or 

transmitted. The ratio of the transmitted light to incident one is defined as the 

transmittance of that material and it is generally stated as a percentage. This behavior 

may vary according to the wavelength of the incident light. For a transparent 

conductor, in order to be used in display applications, it must transmit light freely 

across the visible spectrum, which is approximately between 400 and 700 nm. 

Optical properties strongly depend on carrier density and mobility. Generally, for a 

material to be transparent in visible range of solar spectrum, its band gap must be 

larger than 3 eV (λ ≈ 400 nm). Resistivity of a transparent conductor decreases when 

its free charge carrier density decreases. This also shifts infrared (IR) absorption edge 

to shorter wavelengths, as a result, transmission window gets narrower. Transparency 

measurements are generally made using a UV-Vis spectrometer [48]. 

 

 

Figure 3.3 Electromagnetic spectrum of light [52]. 
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3.1.3.2 Sheet Resistance 

 

One of the basic properties of materials is resistivity. It is represented by ρ with the 

units of Ω•cm.  Resistance, which is a geometry dependent property of a material can 

be related to resistivity through:  

 

                                       𝑅=(𝐿/𝑊𝑡),                            (3.1) 

 

,where L is the length of the material that the electrical current passes through, and W 

is the width and t is the thickness of it. Since the thicknesses of films are often 

difficult to measure, sheet resistance is defined to represent resistance per square area 

of a thin film with the units Ω/sq (ohms per square) and is given by  

                                             𝑅𝑠=𝜌𝑡                                      (3.2) 

So,  

                                             𝑅=𝑅𝑠𝐿𝑊                                   (3.3) 

Thus, the total resistance of a film is proportional to the number of squares that can 

be drawn on the conducting surface area.  

 

 

3.1.3.2.1 Two Probe Measurements 

 

Ohm’s Law (V=IR) is used in order to determine the resistance: known current is 

sourced and it flows through the unknown resistance. One measures the voltage that 

develops across the resistance by dividing the measured voltage to the sourced 

current. A problem that occurs when using a 2-wire setup is that the voltage is 

measured not only across the resistance in question, but also includes the resistance 

of the leads and contacts. When using an ohmmeter to measure resistances above a 

few ohms, this added resistance is usually not creating a problem. However, when 

measuring low resistances or when contact resistances are high, obtaining accurate 

results with a two probe measurement can be difficult. A representative set up for 2 

probe measurement of sheet resistance of a conducting film is provided in Figure 3.4 

[48]. 
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Figure 3.4 Representative set-up for 2-probe measurements [48]. 

 

 

3.1.3.2.2 Four Probe Measurements 

 

A solution to the problem of 2-prope measurements in which the lead and contact 

resistance is measured along with that of the device under test is the 4-probe 

measurement. Because a second set of probes is used for sensing and since negligible 

current flows in these probes, only the voltage drop across the device under test is 

measured as a result. Thus, the resistance measurement is more accurate. A 

representative set up for 4-probe measurement of sheet resistance of a conducting 

film is shown in Figure 3.5 [48]. However, 2-prope measurements generally give 

reliable results for low sheet resistance systems. 
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Figure 3.5 Representative set up for 4-probe measurements [48]. 

 

3.1.3.3 Work Function Measurements 

 

Figure 3.6 shows a schematic energy diagram of a metal. The valence bands are 

filled with electrons up to the Fermi level (EF). The energy difference between Fermi 

level and vacuum level corresponds to the work function (Φ). The work function 

corresponds to the minimum amount of energy needed to remove an electron from 

the metal so that it can go to vacuum level with zero energy. In metals, work function 

and ionization energy are the same [48]. 
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Figure 3.6 Schematic energy diagram of a metal [48]. 

The work function of a material can be measured by two alternative methods. These 

are ultraviolet photoelectron spectroscopy (UPS) and Kelvin probe (KP). While PES 

allows the measurement of the absolute work function, KP only gives the contact 

potential difference (CPD) between the actual probe and the sample surface. 

Calibration with UPS allows turning KP results into absolute values [48]. Figure 3.7 

shows a typical UPS spectrum of a gold sample. Since the binding energy of the 

electrons right at the secondary edge are known the work function can be 

determined, which is just the difference between the energy of the UV photons 

(21.21 eV for He Irradiation) and the binding energy of the secondary edge (15.9 eV 

in the case of Au). From Figure 3.7, it follows that the investigated Au surface has a 

work function of,  

ΦAu = 21.21 eV – 15.9 eV = 5.3 eV. 
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Figure 3.7 UP-spectrum of Au surface [53]. 

 

3.1.4 Types of Transparent and Conducting Contacts 

 

3.1.4.1 Indium Tin Oxide (ITO) 

 

Indium tin oxide (ITO or tin-doped indium oxide) is a mixture of indium (III) oxide 

(In2O3) and tin (IV) (Sn), typically 90% In2O3, 10% SnO2 by weight. In powder form 

it has a yellow-green color; however, when it is deposited as a thin film with a 

thickness in the range of 100 to 300 nm it is transparent and colorless. Moreover, due 

to the presence of charge carriers, it is also conductive. Hence, it is widely used in 

the devices in which both transparency and conductivity are needed. ITO is generally 

deposited through RF-sputtering [54] onto transparent substrates such as glass, which 

necessitates in-situ annealing or a post annealing step is necessary for crystallization. 

As a result, sheet resistance, (Rsh), about 10 Ω/sq at a transparency of 90% in visible 

spectrum is observed for ITO [50]. ITO is an n-type semiconductor with a work 

function between 4.3 - 4.7 eV. ITO is a commercial standard in many electronic 

devices such as solar cells, organic light emitting diodes (OLEDs) and 
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electrochromic windows. However, despite its superior transparent and conducting 

characteristics, ITO cannot meet all the market demands. Firstly, ITO requires 

annealing at relatively high temperatures (>200°C) [55] in order to attain low 

resistivity values. However, polymer based substrates such as PET cannot withstand 

this treatment. Thus, ITO films on polymer substrates usually have amorphous 

structure and exhibit considerably higher Rsh (60-300 Ω/sq) values [56]. The 

increased usage of liquid crystal displays and plasma screens is another issue raised 

with the use of ITO. Increased use of ITO increased the demand of the world to this 

material. Hence, the price of indium per kilogram, which is the main constituent of 

ITO has raised from $100 in 2002 to $1000 in 2005. Now it is around with prices 

around $500 [56]. In addition, due to its oxide structure, ITO suffers from flexibility. 

Moreover, most of the high performance ITO films are deposited through sputtering. 

Sputtering processes are generally inefficient [56] because only a small percentage of 

sputtered material covers the substrate. In addition, recycling processes for sputtering 

methods are expensive and yield of this process is very low considering day by day 

enlarging flat panel dimensions. Therefore, new alternatives to ITO have been 

considered. These include conducting polymers, graphene sheets, metal thin films, 

metallic nanogrids, single walled carbon nanotube (SWCNT) thin films and random 

networks of metallic nanowires, Ag NWs in particular. These alternative materials 

are explained in detail below [48]. 

. 

3.1.4.2 Fluorine Doped Tin Oxide (FTO) 

Another metal oxide based transparent conducting contact is fluorine doped tin oxide 

(FTO). FTO exhibits higher thermal, chemical and mechanical stability and are made 

of cheaper elements compared to that of ITO. FTO thin films can be fabricated 

alternatively via spray pyrolysis method. Figure 3.8 (a) and (b) show top and cross-

sectional SEM images of an FTO thin film, respectively. It is clear that the film has 

textured columnar grain structure. FTO films are deposited at 420 ˚C and XRD 

analysis shows polycrystalline tetragonal cassiterite structure of SnO2. Although 

FTO thin films do not have constant transmittance in the visible range, a total 

transmittance over 70% and a sheet resistance around 13 ohm/sq was obtained [57]. 
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Figure 3.8 (a) Top and (b) cross-sectional FESEM images of FTO thin films. (c) 

XRD pattern and (d) UV-visible transmission spectra of FTO thin films deposited at 

420°C [57]. 

 

3.1.4.3 Conducting Polymers (PEDOT:PSS) 

 

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a polymer that is conductive 

(conductivity (σ) of 102 S/cm) and transparent in thin film form. It has been generally 

used as a hole injection layer in OLEDs. Due to its insolubility in most of the 

solvents it is dispersed in water using poly (styrene sulfonate) (PSS). Although it is 

useful in OLEDs as hole injection layer due to its high work function and hole 

affinity, solely PEDOT:PSS cannot be used in solar cells as an electrode due to its 

low conductivity. An exception has been reported by Kim et al. [58]. In their work it 

has been showed that the conductivity of PEDOT:PSS films can be increased by 

solvent-post treatment method and then it can by itself be used as the electrode 

material. Figure 3.9 shows AFM phase images of PEDOT:PSS films with different 

solvent treatments. In these images, bright zones show PEDOT-rich grains and dark 
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zones correspond to PSS-rich grains. Solvent-post treatment process transforms the 

shape of the PEDOT-rich grains from short curved domains to long stretched 

network. As a result, larger contacts are formed between better oriented PEDOT-rich 

grains and conductivity was increased. They claimed that increasing the number of 

layers of PEDOT:PSS films result in low sheet resistance (< 65 Ω/sq-1) with a visible 

transparency around 80% [48]. 

 

Figure 3. 9 AFM phase images of PEDOT:PSS films with various solvent 

treatments. (a) Pristine PEDOT:PSS (PH1000) ( σ < 1 S cm − 1 ). (b) PEDOT:PSS 

(PH 510) doped with DMSO 5 vol% ( σ = 389 S cm − 1 ). (c) PEDOT:PSS (PH 1000) 

doped with EG 6 vol% ( σ = 634 S cm − 1 ). (d) solvent post-treated PEDOT:PSS (PH 

1000) doped with EG 6 vol% ( σ = 1330 S cm − 1 ) [58]. 

 

3.1.4.4 Graphene 

 

Graphene is one atom thick planar sheet of sp2-bonded carbon atoms packed in a 

―honeycomb‖ crystal lattice. It is one layer of stacked graphite. Graphene was firstly 

isolated from graphite flakes in 2004 via scotch-tape method [59]. Figure 3.10 (a) 

shows an optical image of an exfoliated graphene sheet. However, size of the 

graphene flakes obtained from this method is limited to a few hundred microns. 

Hence, scotch- tape approach is not suitable for the use of graphene in opto-

electronic devices. Researchers then developed a chemical vapor deposition (CVD) 

based approach for the synthesis of monolayer graphene sheets. CVD method results 
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in the formation of scalable and large area monolayer graphene sheets. As fabricated 

graphene sheets have visible absorption around 2.3 % per layer and a few hundred 

ohms/sq sheet resistance. Figure 3.10 (b) shows a CVD set up schematically 

demonstrating graphene synthesis on copper foils. Utilization of complex equipment, 

limitation of substrate dimensions and multilayer graphene are the main 

disadvantages of graphene synthesis via CVD method. 

 

Figure 3.10 (a) An optical image of mechanically exfoliated graphene flake [59]. (b) 

Schematic illustration of graphene synthesis by CVD method. (c) Graphene 

synthesized on nickel thin film; arrows indicate thin monolayer regions. (d) 

Monolayer graphene synthesized on copper foil and transferred onto a SiO2/Si 

substrate [60].  

 

3.1.4.5 Thin Metal Films 

 

Metals are malleable and can be deposited onto substrates using straightforward 

methods. They are intrinsically conductive and keep this property even when they are 

deposited as very thin films. Moreover, metals show visible transparency in thin film 

form. Generally, under a certain thickness the transparency of a metal film increases 

with decreasing thickness; however, their sheet resistance increases rapidly under 
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these circumstances. Suitable metal film thickness is between 10-20 nm for 

considerable transparency and sheet resistance combination [48]. Avrech et al. 

showed the use of filtered vacuum arc plasma deposited of platinum (Pt) thin films as 

transparent and conducting contacts [61]. Figure 3.11 shows how sheet resistance of 

Pt films change with film thickness. Typically, a transmittance of 60% was obtained 

from these thin films at a sheet resistance of 300ohm/sq. Figure 3.12 show how 

visible transparency chances with increasing thickness of Pt films. Pt thin films were 

not transparent at all over a thick film of 250 nm thickness. 

 

Figure 3.11 Sheet resistance vs. thickness graph for Pt films [61]. 
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Figure 3.12 Transparency vs. thickness graph for Pt films [61]. 

 

3.1.4.6 Metal Nanogrids 

 

Another metal based TCCs are metal nanogrids. One model structure is a metal 

nanogrid with periodic metal lines. Such nanostructures provide opportunities to 

manipulate photons and electrons to achieve unique properties that are not possible 

with flat ITO electrodes. One major advantage of these metal grids is that their 

conductivity is close to that of the bulk counterparts. This is because the thickness of 

the metal lines is much larger than that of metal films, electron scattering due to the 

substrate roughness and the strain boundaries decreases. Light scattering and 

coupling in such nanogrids also provides additional benefits for device applications, 

particularly for solar cells where light scattering enhances the absorption within the 

active layer [48]. Guo et al. [62] stated that two design considerations must be taken 

into account for nanogrid-based transparent electrodes: (1) the line width of the metal 

mesh should be subwavelength to provide sufficient transparency; (2) the period of 

the mesh should be submicrometer to ensure the uniformity of the current across the 

active layer.  In addition, optical electrical field and power flow of silver nanogrids 
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were calculated (Figure 3.13 (a) and (b) ). Then, in Figure 3.13 (c), (d) and (e) finite-

element modeling technique was used to calculate the transmittance of those metal 

nanogrids.  

 

 

Figure 3.13 (a) SEM image of as-fabricated metal electrodes. (b) Average 

transmittance versus sheet resistance of metal grids with a line width of 120 nm. 

Absolute value of the modeled optical electric field and power flow for light (600 nm 

wavelength) incident on a freestanding Ag grating (400 nm period, 40 nm line width, 

100 nm high) for both (c) transverse magnetic (TM) and (d) transverse electric (TE) 

polarization. (e) Simulated transmittance versus wavelength for two modes. The AM 

1.5 solar irradiance data (black line) are plotted for comparison [62]. 

 

3.1.4.6 Single Walled Carbon Nanotube Thin Films (SWCNT) 

 

Unique electrical and mechanical properties of single-wall carbon nanotubes 

(SWCNTs) opened many different application areas for these 1D nanostructures. 

When SWCNTs are coated homogeneously onto surfaces and are thin enough, 

visible light can transmit through this coating. Due to their metallic or 

semiconducting characteristics, their random networks also provide conductivity. 

Unalan et al. used vacuum filtration process for the fabrication of SWCNT thin films. 
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According to their procedure, first a dilute solution containing, SWCNTs and 

surfactant is prepared. Then, it is filtered on a membrane. As a result, a homogeneous 

film is formed on the surface of the membrane. Afterwards, surfactant is washed 

using deionized water. Then, the membrane is dissolved in a solvent. Finally, 

SWCNT thin film is transferred onto the desired substrates.  

Figure 3.14 (a), (b) and (c) shows SEM and (d) AFM images of SWCNT thin films 

deposited using different solution concentrations. Two dimensional (2D) surface 

coverage increase with the SWCNT concentration. In addition, some bundles of 

SWCNT are also observable in SEM images. Bundling may occur during vacuum 

filtration process. Figure 3.15 shows the optical transmittance and corresponding 

sheet resistance values at different SWCNT thin film densities [63]. 

 

 

Figure 3.14 SEM images of SWNT films deposited from 40 mL SWNT solutions of 

(a) 0.2 mg/L, (b) 1 mg/L and (c) 2 mg/L concentrations. (d) AFM image of the 1 

mg/L SWCNT thin films showing a mixture of bundled and individual SWNTs [63]. 
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Figure 3.15 Transmittance of films at three SWCNT concentrations [0.2 mg/L (a), 1 

mg/L (b), and 2 mg/L (c)] and six different filtrate volumes. (d) Correlation between 

film transparency (represented by the transmittance at 550 nm) and sheet resistance. 

The continuous line is for visual aid. The arrow indicates the approximate position of 

the percolation threshold of the metallic tubes [63]. 

 

3.1.4.7 Metal Nano-Fibers 

 

Electrospinning is a versatile technique to fabricate ultra-long fibers in micro and 

nano-scale. Electrospinning technique is based on the application of a strong electric 

field in order to draw very thin fibers from a liquid source. Figure 3.16 (a) shows 

schematic representation of electrospinning method. Electrospinning has been 

explored as a fast and efficient process to fabricate continuous one-dimensional (1D) 

nanomaterials composed by polymers, oxides, carbon and more recently, metals [64-

68]. Wu et al. [69] dissolved copper acetate in poly(vinyl acetate) (PVA) and it was 



 

49 
 

electrospun on a glass substrate. The fibers have diameters around 200 nm. Then, a 

two hours heat treatment at 500 ˚C was applied for the removal of the polymeric 

content. In addition, since this heat treatment was applied in ambient atmosphere, the 

nanofibers were transformed into CuO. Another heat treatment in hydrogen (H2) 

atmosphere at 300˚C for one hour to reduce CuO to Cu nanofibers was applied. 

Figure 3.16 (b) and (c) show SEM images of as fabricated Cu nanofibers. It is also 

possible to align Cu nanofibers during electrospinning process as it can be seen in 

Figure 3.16 (g) and (h). When those Cu nanofibers were utilized for the fabrication 

of transparent conductors, authors obtained a sheet resistance 12 ohm/sq at a visible 

transparency of 80 %. In addition, due to very high aspect ratio (10000) of those Cu 

nanofibers, they are found to be highly compatible with flexible substrates.  

 

 

 
 

Figure 3. 16 Fabrication and characterization of Cu nanofibers. (a) Schematic of 

materials preparation method. Left column: Schematic of an electrospinning setup, 

shown without a syringe pump. Right column: the fabrication process of Cu 

nanofibers. In the first step, CuAc2/PVA composite fibers were prepared by 

electrospinning. In step 2, the fibers were calcinated in air to get CuO nanofibers. In 
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step 3, the CuO nanofibers were reduced to Cu nanofibers by annealing in an H2 

atmosphere. (b) SEM image of Cu nanofibers synthesized by electrospinning. Scale 

bar is 10 μm. (c) SEM image showing the continuous structure of a Cu nanofiber, 

indicating a length that can easily exceed 100 μm. Scale bar) 20 μm. (d) Schematic 

of junctions between solution-processed Ag nanowires (upper) and electropsun Cu 

nanofibers (down). (e) AFM image of a junction between two nanofibers. The curved 

lines show the heights of two nanofibers and the cross junction, respectively. (f) 

Schematic of modified electrospinning setup, oriented nanofibers can be collected on 

the gaps between two parallel electrodes. (g, h) SEM images of Cu nanofibers with 

controlled orientations: (g) uniaxially aligned arrays, (h) patterned grids. Scale bar 20 

μm [69]. 

 

3.1.4.8. Sputtered Metal Mesh Electrodes 

 

It is possible to obtain metal mesh structures with the help of a suitable mask. Kim et 

al. [70] demonstrated fabrication of Cu nano mesh electrodes. The mask with 

honeycomb network structure was fabricated via ultraviolet (UV) lithography and 

wet etching method. Then, polycrystalline and single-crystal Cu targets were used in 

the sputtering. Figure 3.17 (b) and (c) show AFM topography images of Cu thin 

films on polyimide substrates fabricated using polycrystalline and single-crystalline 

targets, respectively.  Figure 3.17 (d) and (e) show AFM topographical images of 

honeycomb Cu mesh films fabricated with wet etching technique.  

 

 
Figure 3. 17 (a) Structure of the Cu mesh hybrid electrode. (b) and (c) AFM 

topography images of Cu thin films on polyimide substrates fabricated using a 

polycrystalline Cu target and a single-crystal Cu target, respectively. (d) and (e) 
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AFM topography images of Cu mesh electrodes fabricated with wet etching using 

the two types of Cu thin films in (b) and (c), respectively. (f) Illustration and 

HRTEM image of the crosssectional structure of a Cu mesh hybrid electrode with 

Al-doped ZnO as the capping layer and polyimide as the polymer substrate [70]. 

In order to increase the oxidation resistance of Cu, a capping layer of ZnO or Al 

doped ZnO was also added to the structure. A sheet resistance of 6.2 ohm/sq was 

obtained at a visible transmittance of 90%. 

 

3.1.4.9. Percolation Theory of One Dimensional Conductors 

 

3.1.4.9.1. Electrical transport in Metals  

 

The electrical resistivity of metals has two main components which are namely the 

residual resistivity (ρ0) and the temperature dependent resistivity ρ(T). The intrinsic 

defects in the metals such as grain boundaries, impurities and vacancies are 

responsible for the residual resistivity. In addition, the finite diameter contributes to 

the residual resistivity of the metallic nanowires. On the other hand, the temperature 

dependent part ρ(T) of the resistivity may arise from electron-phonon interaction, 

electron localization and electron-magnon interaction. The electron-phonon 

interaction (ρL) which is described by the Bloch-Grüneisen formula is the main 

reason for temperature dependence of resistivity of non-magnetic metals. However, 

the electron-magnon interactions are the reason for an additional temperature 

dependent magnetic contribution (ρM) to the resistivity of magnetic metals. Hence, 

the overall electrical resistivity of a metal is given by Eq. 3.1.  

 

                                  (3.4) 

                                      (3.5) 

 

 

The electrical, optical and mechanical properties of a random network of 1D 

nanomaterials are determined by three parameters that (1) the nanomaterial 
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composition, (2) the nanomaterial geometry, and (3) the morphology of 

nanomaterials within the random network.  

 

 

3.1.4.9.2 Electrical transport in 1-D nanostructures  

 

The dimensionality of nanostructures is determined by the characteristic lengths. 

Structurally if a nanostructure is confined in two dimensions and free in the third 

dimension, then it can be called as 1D nanostructured material. For instance, if the 

physical characteristic lengths get constrained in two dimensions, then the 

physical/chemical properties are bound to the changes due to finite size statistical 

mechanical effects/quantum mechanical effects. Depending on the definition, unless 

there is some or the other forms of quantum mechanical confinement, such systems 

are termed as quasi one dimensional in nature. Ballistic and diffusive transport 

mechanisms are two main mechanism to categorize electronic transport of low-

dimensional materials systems.  

 

3.1.4.10. Electrical properties of random networks  

 

Conductive 1D nanostructures may form a percolating network for charge transport. 

This network may exhibit very high conductivity at low thicknesses. Each individual 

nanostructure act as a metaphorical ―highway‖ to efficiently transport charge along a 

confined pathway, which subsequently combine to form a web of conducting 

channels that enable volumetric flow of charge. These channels may be straight 

nanostructures such as Ag NWs or nanostructures with high degrees of curvature 

such as SWCNTs. The low thickness and high porosity of the conductive network 

promotes other additional beneficial features that are challenging to achieve with 

solid thin-films, such as high flexibility and high total transmittance.  
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3.1.4.11 Optical properties of random networks  

 

In conjunction with a high conductivity, random networks of 1D nanostructures may 

exhibit decent optical properties. Ag NWs in particular are widely demonstrated to 

form random networks that exhibit high total transmittance and simultaneously a low 

sheet resistance. However, a unique optical problem associated to these networks is 

the diffuse light scattering or transmission haze. The length and diameter of 

individual Ag NWs affect their extinction coefficient and thus dictate their scattering 

interactions. But any understanding of the transmission haze through a random 

network of Ag NWs or its impact on device functionality is limited. In order to 

understand how nanowire networks, form a conductive pathway a 2D percolation 

model can be used. In this particular case, the percolating system is the nanowire 

network and the open paths are the connections through which electrons can travel. 

A percolation model is a collection of points distributed in space, certain points of 

which are said to be adjacent or linked [71]. The band percolation theory deals with 

conduction processes in electronic devices. The theory is used to describe the 

connection dependent, insulator to conductor transition in networks of conductive 

fillers on insulating substrates [72]. The conductivity is provided in 1D network 

density. For example, up to a certain value of density of nanowires, conductivity 

cannot be provided and network behaves like an insulator. Percolation threshold 

defines critical density of conductive fillers that insulator to conductor transition 

takes place. Figure 3.18 shows representative image of how 1D structures are 

distributed on a 2D surface randomly. As the number of 1D structures increases 

(Figure 3.18 (a) to (d)) the possibility of the sticks to touch each other increases. 

Hence, over a certain density those 1D structures can become conductive. 
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Figure 3.18 Schematics showing how 1D structures can provide suitable paths for 

charge transport. 

 

The following three conditions must be satisfied in order to obtain a random 

nanowire network. These conditions follow the definition of a random network 

promoted by Kallmes and Corte (1961) [73]:  

 

1. Random distribution of the nanowires on a 2D surface is crucial. 

2. Orientation of the nanowires on 2D surface must be uniform and random. In 

addition, equal probability of falling at any angle is required.  
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3. Deposition of the nanowires should be independently of one another.  

 

According to the standard percolation theory, the density dependent conductivity 

behavior of 1D structures is given by 

           σ ∝ (N - N c ) α            (3.5) 

, where σ is the conductivity in three dimensions, or sheet conductance in two 

dimensions, Nc is the critical nanowire density required for the onset of electrical 

conduction in a random network, and α is a critical exponent which depends on the 

dimensionality of the space involved. The theoretical values of α are 1.33 for a 2-D 

percolation network and 1.94 for a 3-D percolation network [73]. For a 2-D network, 

the sheet resistance (Rsh) is given by Rsh = 1/sheet conductance, and the relation 

between Rsh and volume (V) of the nanowire solution can be given the equation 

provided above as follows: 

                                                            Rsh  ∝ (V − Vc)
−α         (3.6) 

For instance, Figure 3.19 shows the variation of sheet resistance with the volume of 

Ag NW solution used by Madaria et al. [73], and the solid line represent the fitted 

curve obtained using the given equation. In order to obtain the fitting curve, the value 

of Vc has been taken 0.20 mL as this was the minimum volume required to achieve a 

conducting film. Theoretically, for a model involving random distribution of 

nanowires [73], Nc for nanowires with length l is given by 

             l√πN c = 4.236           (3.7) 

Substituting the length of Ag NWs (12.5 μm) in the above equation, the critical 

density for the networks are calculated to be 0.03657 μm-2. As the critical density is 

substituted in in equation, the resulting theoretical critical volume Vc is found as 0.18 

mL, which is very close to the experimentally observed critical volume of 0.20 mL. 

It was noticed that the value of the critical volume obtained experimentally is a little 

higher than the theoretical value, which can be attributed to the formation of 

multilayer stacking of nanowires in some regions rather than an ideal monolayer 

[73]. 



 

56 
 

 

Figure 3.19 Graph of the sheet resistance versus volume of Ag NW solution. The 

onset of conduction across the sample occurs for Vc = 0.2 mL. The power fit of the 

data indicated value of critical exponent α = 1.42. The inset shows the logarithmic 

plot of the data with a linear fit [73]. 

The best fit of equation in Fig. 3.19 is obtained by using α = 1.42, which is quite 

close to the value predicted for the 2-D theoretical model. The discrepancy between 

experimental and theoretical values may indicate that the nanowire film is not a 

perfect 2-D film, and actually has an intermediate character between 2-D and 3-D. 

As a result, the experimental value is between that for 2-D (α = 1.33) and 3-D (α = 

1.94). The inset shows the logarithmic fit of the above equation, resulting in a linear 

plot with good agreement between the experimental and predicted values [74]. 

 

3.1.4.6. Transparent and Conducting Silver Nanowire Networks 

 

After demonstration of SWCNT thin film transparent electrodes, scientist looked for 

new 1D alternatives. Surely, conductive 1D nanostructures are needed for transparent 

conductors. Hence, metals were first candidates especially the ones with high 

conductivity such as gold, silver and copper. Among these metals, Ag can be 

synthesized in nanowire form using relatively simple and economical methods. In 

2010, first comprehensive study of transparent and conducting Ag NW networks has 

been published. Hu et al. produced Ag NWs via seed-mediated method and deposited 
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them onto substrates [75]. Ag NWs were purified and then redispersed in ethanol. 

Figure 3.20. (a) shows photograph of Ag NW ink solution. Meyer Rod technique was 

used for the deposition of Ag NWs onto glass and PET substrates.                                                                      

 

Figure 3. 20 (a) Photograph of Ag NW ink in ethanol. (b) Meyer rod coating setup 

for scalable Ag NW coating onto plastic substrates. (c) Finished Ag NW film coating 

on PET substrate. The Ag NW coating looks uniform over the entire substrate shown 

in the figure. (d) A SEM image of Ag NW coating shown in panel (c). The sheet 

resistance was 50 Ω/sq [75]. 

 

Figure 3.21 shows the SEM images of Ag NW networks with different densities and 

thus, different sheet resistance values. As the density of Ag NWs increases in the 

networks, sheet resistance decreases. 
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Figure 3.21 SEM images of Ag NW films with different densities. The different 

densities of Ag NW films lead to different sheet resistances: (a) 100, (b and c) 50, 

and (d) 15 Ω /sq. The diameters of the Ag NWs are in the range of 40-100 nm [75]. 

 

In Figure 3.22, transparency values of Ag NW networks are compared to a 

commercially available ITO thin film. The best reported transparency and sheet 

resistance values for these networks were 80% and 38 ohm/sq, respectively. 

 

Figure 3.22 Optical transmittance of Ag NW network electrodes compared to a 

commercial ITO thin film [75]. 
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After the first demonstration of Ag NW networks, different research groups have 

paid attention on this topic. Hence, different approaches have been offered for the 

production of Ag NW networks. In fact, some companies started to offer Ag NW 

dispersions such as Seashell Technologies and Blue Nano. Madaria et al. obtained 

Ag NW suspensions from Seashell Technologies [73]. Polydimethylsiloxane 

(PDMS) stamping method was used for the production of Ag NW networks, 

schematics of which are provided in Figure 3.23 (a). In this method, briefly, Ag NW 

suspension is filtered through anodic aluminum oxide (AAO) filters. Then a PDMS 

stamp is pressed onto AAO membrane. Hence, Ag NWs are transferred onto the 

PDMS stamp. After that, this PDMS stamp is pressed onto glass or PET substrates 

and peeled off. As a result, Ag NWs are successfully transferred onto these desired 

substrates in the form of a network. By controlling volume of solution which is 

filtered through AAO membrane, density of Ag NW networks can be adjusted. 

Images of Ag NWs/PET electrodes are provided in figure 3.23 (b) to (e). In addition, 

SEM images of Ag NW networks with different densities can be seen in Figures 3.23 

(f) to (i). 

 

Figure 3.23 (a) Schematic representation of the transfer process. (b) Photograph of 

an Ag NW film transferred onto PET. (c) Photograph of a nanowire film on glass 

substrate. (d) Photograph of a nanowire film on PET showing the flexibility of film. 

(e) Photograph showing the results of adhesion tests. Nanowires remain adhered to 

the PET substrate when sticky tape was peeled off from the area shown by dotted 
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lines. SEM images of the different regions of the film shown in Fig. 1(b), 

demonstrating uniformity of the film across the entire area [73]. 

 

 

 
Figure 3.24 Patterned transfer of Ag NW film. (a) Schematic diagram of the 

patterned PDMS stamp in contact with the nanowire film. (b) Photograph of 

patterned nanowire film transferred to the PET substrate. The size of each pixel is 1 

mm × 1 mm. (c) SEM image showing the nanowire network in one pixel [73]. 

 

Since PDMS can be fabricated in a patterned form, Ag NW networks can also be 

patterned. Figure 3.24 (a) shows schematic illustration of patterned PDMS stamp.  

Same procedure is applied for the patterned PDMS stamp for deposition. As a result, 
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patterned Ag NW networks can be obtained. Figure 3.24 (b) and (c) show a 

photograph and SEM image of patterned Ag NW networks, respectively.  

 

Figure 3.25 (a) shows sheet resistance vs. transmittance graph of Ag NW networks. 

Even after purification processes, there is still a thin PVP layer on lateral surfaces of 

Ag NWs. This thin polymer layer increases the contact resistance of Ag NWs. A 

simple annealing process eliminates this problem. Figure 3.25 (c) shows how sheet 

resistance of Ag NW networks changes with the annealing process. Annealing causes 

fusion of Ag NWs at contact points. Hence, contact resistance and sheet resistance of 

the networks decrease. Figure 3.25 (b) shows how Ag NWs are fused at junction 

points after annealing. Ag NWs networks with different nanowire densities are 

provided in Figure 5.25 (d). 

 

 

Figure 3.25 (a) Plot of sheet resistance versus transmittance at a wavelength of 550 

nm of Ag NW networks. Black dots represent resistance values for films without 

annealing and red dots represent resistance values after annealing the film samples at 

200 °C for 20 min in air. Inset shows the transmittance spectra of nanowire networks 

with different thicknesses. (b) SEM image of an annealed nanowire sample showing 

melting of nanowires at the ends and subsequent joining with neighboring nanowires. 
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(c) Variation of sheet resistance with the annealing time for nanowire networks of 

different densities. Sheet resistance decreased initially on annealing and subsequently 

increased with further annealing. (d) SEM images of nanowire networks prepared 

using various amounts of nanowire solution. Nanowire density increases with 

increased volume of the solution [73]. 

Properties of ITO and its alternative TCCs are compared in Table 3.2. Comparison 

parameters cover traditional TCC characteristics and recent demand in market. 

Among the alternative TCCs to ITO, Ag NW networks seem to be the most 

promising candidate due to their similar if not better properties compared to 

commercially available ITO. 

 

Table 3.2  The comparison between ITO and other alternative transparent conductors 

[73]. 
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3.2. Experimental Details 

 

Figure 3.26 shows the flowchart for the fabrication of Ag NW networks that has been 

used for this work. As synthesized nanowire solution is a mixture of Ag NWs, Ag 

nanoparticles (NPs), PVP and EG. So, a purification process is needed in order to 

obtain pure Ag NWs. Purification process starts with centrifugation process. In the 

first step of centrifuge process, solution is diluted with acetone in a ratio of 1/10 ratio 

and then centrifuged at 8000 rpm for 20 min. This process is repeated twice. Hence, 

PVP, EG and some Ag NPs are separated from Ag NWs. Following second 

centrifuge process, remaining Ag nanostructures are dispersed in ethanol. A third 

centrifuge process is then applied with the same parameters. Purified Ag NWs are re-

dispersed in ethanol and used for the characterization and network fabrication. 

 

Figure 3.26 Flow chart showing the nanowire purification and deposition of Ag 

NWs onto substrates [48]. 

Produced ethanolic Ag NW suspension is then used for the fabrication of Ag NW 

networks. An air brush feeded with nitrogen and a hot plate is used for the deposition 

process. Firstly, substrates to be coated with Ag NWs, such as glass or PET, undergo 
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a cleaning procedure. Using bath sonication, they are cleaned in acetone, 2-propanol 

and deionized water (DI water) for each at least for 5 minutes. Right after, they are 

dried with nitrogen gas. Then they are mounted onto a hot plate using a heat resistant 

tape. As it is seen from Figure 3.26, a slice of silicon wafer is also mounted for SEM 

analysis. Then hot plate is heated to 150°C. This temperature is needed for the instant 

evaporation of ethanol. So then the agglomeration of Ag NWs can be prevented. 

Using a nitrogen fed air brush, Ag NW/ethanol suspension is spray coated onto the 

substrates. Pressure of air brush and the distance between air brush and hot plate 

effect the coating process. So, these parameters must be kept constant for 

reproducibility. In our experiments, air brush pressure was set to 2 atm and the 

distance was kept at 10 cm. Density of Ag NWs on substrates can be simply adjusted 

by controlled by the number of spraying coating cycles. 

Figure 3.27 shows a representative SEM image of Ag NW network fabricated 

through spray coating. It is clear that, the density of Ag NWs is enough to provide 

percolation. Red line shows one of these possible percolating paths for charge 

transport.  

 

 

Figure 3.27 Representative SEM image of Ag NW network and possible path for 

charge transport. 

 

5 µm 
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3.3 Device Characterization Methods 

 

3.3.1 Scanning Electron Microscopy (SEM) 

 

Transparent and conducting Ag NW networks were analyzed by FE-SEM (Nova 

NanoSEM 430) under 10 kV. No conductive coating was used for SEM analysis.  

 

3.3.2 Sheet Resistance Measurements 

 

Sheet resistance measurement was done using Keithley 2400 sourcemeter. In order to 

measure sheet resistance values of Ag NW networks precisely, a two probe 

measurement setup was prepared. Figure 3.27 shows two probe sheet resistance 

measurement set up that was used for the measurements. Gallium-indium eutectic 

alloy (GaIn) is used for measuring sheet resistance of Ag NW networks. This was 

necessary because Ag NW networks are not forming a continuous film. In addition, 

two probe sheet resistance measurement approach can give reliable results for low 

sheet resistance systems. As read resistance value was used in the given formula and 

the sheet resistance (ohm/sq) of the networks was obtained. The sheet resistance 

measurements were performed by doing a +/-1V I-V scan at 100 mV/s between two 

gallium contacts of diameter D = 1.5 mm and separated by a distance L = 3 mm. The 

formula used to calculate surface resistance was,    

              

             r = (V/L) / (IS/D)           (3.8) 

 

, where V is the voltage and IS is the current across the measured area [48]. 
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Figure 3.28 Schematic of the two probe measurement set-up used for obtaining the 

sheet resistance values of Ag NW networks [48]. 

 

3.3.3 Transparency Measurements 

 

The optical analyses of the Ag NW networks were performed by UV-VIS 

spectroscopy (using with Varian-Cary100 Bio) within the wavelength range of 300 - 

800 nm at room temperature in the normal incident mode. In UV-VIS analysis, clean 

glass substrates were used for the baseline correction. Figure 3.29 shows 

representative set-up for transparency measurements of Ag NW networks [48]. 
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Figure 3. 29 UV-VIS spectroscopy set-up for transparency measurements of Ag NW 

networks [48]. 

 

3.4. Results 

 

Top and 35° inclined SEM images of spray coated Ag NW networks are shown in 

Figure 3.30 (a) and (b), respectively. A photograph of the Ag NW networks on a 

glass substrate is shown in Figure 3.30 (c), where the METU logo behind the 

substrate is clearly apparent revealing the transparency of the networks. Figure 3.30 

(d) shows the length distribution of Ag NWs. Average length of the nanowires is 

measured to be 8 µm. 
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Figure 3.30 SEM images of top view (a) and 35° inclined view (b) of Ag NW 

networksfabricated in this work. (c) Photograph of Ag NW networks on a glass 

substrate. (d) Length distribution of Ag NWs used for the fabrication of networks 

[76]. 

 

3.4.1 Effect of Density 

 

Figure 3.31 shows SEM images of Ag NW networks with different densities. 

Densities of these Ag NW networks are calculated using a freeware called Image J. 

Firstly, many different SEM images of the samples are taken. Then, the area covered 

by nanowires was calculated. Also, area of a single nanowire was calculated using 

average diameter and the length value. Hence, the density of nanowires on substrates 
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were obtained. As it is seen form SEM images, with the nanowire density on 

substrate, the area  covered  

by nanowires increases. In addition, more possible paths are provided for the 

transport of electrical charges. 

Figure 3.32 shows transmittance spectra of Ag NW networks with different nanowire 

densities. As it is seen from the figure, as the density of nanowires increases 

transparency decreases. However, increasing nanowire density also decreases sheet 

resistance of the networks. As described before, controlling nanowire density via 

spray coating is quite straight forward. Hence, one can easily produce Ag NW 

networks with desired sheet resistance and transparency values. Transmittance 

spectrum for a commercially available ITO coated glass substrate is also provided for 

comparison. Although Ag NW networks have quite smooth transmittance in visible 

range, commercial ITO gives a wave-like behavior.  

Figure 3.33 shows absorption behavior of Ag NW networks, SWCNT thin films and 

commercial ITO starting from visible spectrum to near infrared (NIR) region. 

Although commercial ITO film has an increased absorption over a wavelength of 

1000 nm, Ag NW networks keeps constant absorption behavior in visible and NIR 

region as well. For Ag NW based transparent conductors, nanowires’ junction 

regions are responsible for any absorption in the visible wavelength range, since the 

diameters of Ag NWs are less than 100 nm. As the nanowire density increases on a 

transparent substrate the size of those junction points increases (not linearly) so that 

the visible transparency decreases. Figure 3.34 shows how transparency changes 

with respect to the nanowire density. As it can be seen, the graph has different slopes 

at different nanowire densities. Although the change in visible transmittance is very 

high at low nanowire densities, it is very low when the nanowire density is over 1.4 

NW/µm2.  
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Figure 3.31 SEM images of Ag NWs networks with different densities of (a) 0.28, 

(b) 0.34, (c) 0.44, (d) 0.50, (e) 0.59, (f) 0.70, (g) 0.82, (h) 0.98, (i) 1.35 and (j) 1.62 

NW/µm2. 
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Figure 3.32 Transmittance spectra of Ag NW networks with different densities [76]. 

Transmittance spectrum for a commercial ITO thin film is also provided for 

comparison. 

 

Figure 3.33 Absorption spectra of Ag NW networks, SWCNT thin films and 

commercial ITO.  
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Figure 3.34 Change in transmittance of Ag NW networks at different nanowire 

densities. 

 

3.4.2 Effect of Annealing Temperature 

 

Ag NW networks were subjected to annealing at different temperatures. All 

annealing processes were conducted for 30 minutes and corresponding SEM images 

for the samples annealed at 100, 200, 300, 400 and 500°C are shown in Figure 3.35 

(b) - (f), respectively. For comparison, SEM image of the as-deposited sample is also 

provided in Figure 3.35 (a). Residual PVP layer can be clearly seen for the as-

deposited sample. Annealing at 100°C was found to be insufficient for the complete 

removal of PVP from the lateral surfaces of Ag NWs, as shown in Figure 3.35 (b). 

Evidenced by the removal of PVP layer and conservation of the nanowire 

morphology, annealing at 200°C was found to be suitable. Further increase in 

temperature to 300°C caused Ag NWs to break up, as shown in Figure 3.35 (d) 

leading to a decrease in the number of nanowire-nanowire junctions and current 

transport paths. This has also been confirmed by the sheet resistance measurements. 
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Figure 3.35 SEM images of (a) as deposited, (b) 100, (c) 200, (d) 300°C annealed 

Ag NE networks (30 minutes) [76]. All scales are the same. 

 

As it was discussed in Chapter 1, nanomaterials exhibit different physical and 

chemical properties than their bulk counterparts. Extremely high surface area makes 

nanowires very sensitive to chemical and physical environment. Although melting 

temperature of bulk Ag is about 1000°C, Ag NWs were seen to form droplets during 

annealing below 400°C in air. Such a thermal energy is enough for the Ag NWs to 

shrink and transform into spherical droplets. Figure 3.36 shows SEM images of Ag 

NWs annealed at (a) 400 and (b) 500°C. Ag NW networks annealed at 400°C and 

excess were found to be totally destroyed, leading to the formation of Ag droplets on 

the substrate surface. 
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Figure 3.36 SEM images of Ag NW networks annealed at (a) 400 and (b) 500°C for 

30 minutes [76]. Both scales are the same. 

 

3.4.3 Effect of Annealing Time at 200˚C 

 

Figure 3.37 shows sheet resistance versus transmittance graph for Ag NW networks 

fabricated in this work. Since purification processes was not enough for the complete 

removal of PVP, the contacts resistance of Ag NWs were relatively high. Therefore, 

as deposited networks lack good contact between the Ag NWs. In order to decrease 

the contact resistance between Ag NWs, these networks were annealed. Annealing 

was found to decrease sheet resistance under constant transmittance. 30 minutes of 

annealing conducted at 200°C was found to be enough for the removal of thin 

polymer layer, which then provided a good contact between nanowires. Figure 3.37 

also shows the effects of annealing process on the sheet resistance of Ag NW 

networks. In order to put the results of this study in context with reports in the 

literature, obtained data of transmittance (at 550 nm) versus sheet resistance were 

compared with several other studies in Figure 3.38. While a set of data points have 

been used for Bergin et al. [Ref. 26] that are provided for NWs of similar 

dimensions, individual data points have been taken from other reports. These results 

clearly demonstrate that the optoelectronic properties of Ag NW networks fabricated 

within this work are comparable to those in literature and in fact reporting one of the 

most competitive results obtained with spray coating. 
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The transmittance and sheet resistance values of various nanostructured ITO 

alternatives are summarized in Figure 3.39, including the best result obtained in this 

work. Optoelectronic properties of the Ag NW networks are clearly revealing their 

potential to be used as nanostructured transparent conducting electrodes that can be 

deposited through vacuum-less methods.  

 

Figure 3.37 Sheet resistance versus transparency of as deposited and annealed (200 

˚C for 20 min.) Ag NWs networks [76]. 
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Figure 3.38 Sheet resistance versus transmittance of annealed Ag NW networks in 

comparison to various transparent electrodes reported in literature, modified from 

Ref. 77. 

 

Figure 3.39 A literature comparison showing lowest sheet resistances versus 

transmittance at 550 nm of Ag NW networks reported by other groups [76].  
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SEM images of Ag NW networks subjected to annealing at 200°C for different 

durations are shown in Figure 3.40 (a) - (f). Corresponding sheet resistance values 

are plotted with respect to annealing time in Figure 3.41. As it is seen from Figure 

3.40 (a), 30 minutes annealing removes the residual PVP layer and decreases the 

sheet resistance. 60 minutes annealing leads to the fusion of nanowires. After 

complete fusion, if annealing processes is continued, one of the Ag NWs gets thicker 

at the expense of the other, as shown in Figure 3.40 (d). Beyond this point, annealing 

causes breaking of Ag NWs at junctions as shown in Figure 3.40 (e) and (f), which 

could be due to plasmonic welding or via Rayleigh instability as suggested by 

Garnett et al. [27]. A similar effect was observed by Lee et al. for longer annealing 

times [23]. As it can be seen from Figure 3.41, sheet resistance of Ag NW networks 

decreases with annealing duration up to 180 minutes while further annealing 

increases the sheet resistance. An optimum annealing time of three hours was found 

to obtain the lowest sheet resistance.  
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Figure 3.40 SEM images of Ag NW networks annealed at 200°C with different 

durations of (a) 30, (b) 60, (c) 120, (d) 180, (e) 240 and (f) 300 minutes [76]. 
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Figure 3.41 Change in sheet resistance of Ag NW networks annealed at 200°C with 

time [76]. 

 

Figure 3.42 shows the variation in the sheet resistance values of the Ag NW 

networks fabricated in this work taken from various locations on a substrate. A mean 

sheet resistance of 6.8 Ω/sq has been obtained, were the maximum and minimum 

sheet resistance of 8 and 5 Ω/sq were measured, respectively, for that particular 

sample. This result reveals the uniformity of the Ag NW networks fabricated through 

spray coating. This clearly indicates that transparent and conducting Ag NW 

networks can be reproducibly produced via spray coating without any substrate size 

limit. 
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Figure 3.42 Change in sheet resistance of an Ag NW network measured at 25 

different spots on the sample [76]. 

Figure 3.43 shows the current carrying capacity, in other words, current 

versus time graph for the Ag NW networks fabricated in this work, in comparison to 

commercially available ITO (Delta technologies, Part No. CB – 40IN – S211 Rsh : 4-

8 ohms/square). For this purpose, a constant voltage (1.5 V) was applied to these 

samples for 14 hours. As it is seen from the graph, Ag NW networks are highly 

stable under constant voltage. In fact, Ag NW networks are found to be more stable 

than ITO.  
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Figure 3.43 Current stability of ITO and Ag NW networks [76]. 
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CHAPTER 4 

 

UTILIZATION OF SILVER NANOWIRE NETWORKS AS ANODE IN 

ORGANIC LIGHT EMITTING DIODES  

 

 

4.1. Introduction 

 

Lighting is one of the most important indications of the modern life. Approximately 

5-10% of total energy consumption belongs to lighting. Traditional lighting devices 

are incandescent bulbs. However, these bulbs convert only less than 10% of the 

supplied electricity into light, whereas the remaining 90% is converted into heat. In 

1980s, first fluorescent lamps were introduced. Today, they are five times more 

efficient than incandescent bulbs. Following the introduction of light emitting diodes 

(LEDs) which emit white light, their indoor and outdoor lighting applications have 

been investigated. Recently, LED based bulbs are introduced and it seems like they 

will be the major lighting sources of the modern world. They have many advantages 

over traditional lighting sources. Firstly, LED bulbs last 10 times longer compared to 

the compact fluorescents. Durability comes from the absence of any burning 

filament. Utilization of mercury in incandescent bulbs is a problem for environment. 

However, there is no mercury use in LEDs. They convert all supplied electricity into 

light without any loss. As a result, they are at least three times more efficient than 

fluorescent bulbs [78]. In inorganic LEDs, Ga-based light emitting materials are 

used. These materials are relatively expensive. So, researchers looked for the 

fabrication of LEDs with more abundant and cheaper materials. Demonstration of 

conducting polymers made this idea possible with organic materials. There are two 

types of OLEDs. In the first one, small organic molecules are used; whereas, in the 

second one solution processable polymers are used. The second type is called 



 

84 
 

polymer light emitting diodes (PLEDs). PLEDs have numerous advantages over 

OLEDs such as easy processing and cost. Figure 4.1  

shows schematic of a typical PLED device. Poly [2-methoxy-5-2(2-ethylhexyloxy)-

phenylene vinylene] (MEH-PPV) is the electroluminescent layer of the device.  

 

 

Figure 4.1 Schematic of a typical MEH-PPV based PLED. 

A typical PLED device composes of stacked layers. These layers include; 

Cathode: When a voltage is applied to PLED, electrical current flows from cathode 

to anode through organic layers of the device. The cathode injects electrons to 

emissive layer. Aluminum thin film is used as cathode in this device, which is 

usually deposited as a thin film via evaporation.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

Anode: It removes electrons when current flows; as a result, holes are formed. 

Anodes are chosen from transparent and conducting materials. In this structure 

vacuum deposited ITO is used as anode.  

Hole Injection Layer (HIL): This layer is used for the transportation of holes from 

anode to the emissive layer. Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PPS) is HIL of this device deposited through spin 

coating. 
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Emissive Layer (EL): Under the influence of an applied electric field, the injected 

holes and electrons each migrate toward the oppositely charged electrode following a  

hopping transport regime which consists in a series of ―jumps‖ of the charge from 

molecule to molecule. In the organic emissive layer (EML), when an electron and 

hole localize on the same molecule and are spatially close, a fraction of them 

recombine to form an exciton (a bound state of the electron and hole); which is a 

localized electron-hole pair having an excited energy state. Then some of these 

excitons relax via a photo-emissive mechanism and decay radiatively to the ground 

state by spontaneous emission. In some cases, the exciton may be localized on an 

excimer (excited dimer) or an exciplex (excited complex). Upon recombination, 

energy is released as light and at least one electrode must be semi-transparent to 

enable the light emission. 

Following the successful demonstration of competitive transparency and 

conductivity values of Ag NW networks, their utilization in devices as alternative 

TCCs began to be investigated. Yu et al. [79] used Ag NW networks as anode layer 

in OLEDs. They used Ag NW/polyacrylate electrodes with 30 Ω/sq sheet resistance 

for the fabrication of solution-processed PLEDs. The device consisted of layers of 

polyacrylate substrate, Ag NW, poly(3,4-ethylenedioxythiophene) doped with 

polystyrene sulfonate (PEDOT:PSS, 40-nm-thick), an alkoxyphenyl substituted 

yellow emmisive poly(1,4-phenylene vinylene) (SY-PPV, 60 nm),  CsF (1 nm), and 

aluminum (100 nm) in the following sandwich configuration: 

polyacrylate/AgNW/PEDOT:PSS/SY-PPV/CsF/Al.  ITO-based devices, for 

comparison, were also fabricated with a similar sandwich structure of 

glass/ITO/PEDOT:PSS/SY-PPV/CsF/Al. 

Figure 4.2 shows the current density-voltage-luminance (I – V – L) characteristics of 

fabricated PLEDs obtained by sweeping the applied voltage from 0 to 8 V in 100 mV 

increments. The PLEDs with Ag NW/polymer or ITO/glass electrodes exhibited 

quite similar I – V – L responses, except that the current and luminance of the Ag 

NW devices were lower than those of ITO based device driven at the same applied 

voltage values of the electrodes. This difference could be caused by the difference in 

the sheet resistance. Light emission from ITO based device started at 2.2 V (1 cd/m2 

brightness) and reached a luminance of 12 650 cd/m2   at 8 V, while the devices 
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fabricated with Ag NWs turned on at 2.3 V and had a brightness of 8 470 cd/m2 at 8 

V. The luminous efficacy data of the devices are shown in Figure 4.2 (b). The control 

device with ITO anode had a maximum efficacy of 12.5 cd/A. 

 

 

Figure 4.2  I – V – L curves of PLEDs having a sandwich structure of AgNWs (or 

ITO) anode/PEDOT:PSS/SY-PPV/CsF/Al (a) and the luminous efficacy and current 

density graph of the fabricated devices (b) [79]. 

(a) 

(b) 
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4.2 Characterization Methods 

 

4.2.1 Atomic Force Microscopy (AFM) 

 

Vecoo MultiMode V model AFM was used for the topographic analysis of Ag NW 

networks in tapping mode.  

 

4.2.2 Current-Voltage Measurements 

 

Current-voltage (I-V) measurements were done using a Keithley 2400 sourcemeter. 

I-V characteristics of the fabricated PLEDs are measured between 0 and 6 V.  

 

4.2.3 Electroluminescence Measurements 

 

Newport 918-UV model integrated sphere and Maya 2000 model spectrometer were 

used for the electroluminescence measurements of the fabricated PLED devices.  

 

4.3 Fabrication and Characterization of PLEDs 

 

Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) was 

purchased from Sigma Aldrich, chloroform and PEDOT: PSS was purchased from 

Merck. All chemicals were used without further purification. For the hole transport 

layer, PEDOT: PSS was either mixed with IPA in a volume ratio of 1:1 or used as 

purchased following filtering through a 200 nm pore size filter and spin coated on 

top of Ag NW networks at different spin coating speeds. Immediately after, the 

PEDOT: PSS coated Ag NW networks were dried using a vacuum oven set at 100C. 

MEH-PPV was dissolved in chloroform (5 mg/ml) and served as the light emitting 

layer. MEH-PPV solution was spin coated on top of the dried PEDOT: PSS layer at 

2500 rpm for 20 seconds. Again the polymer coated substrates were dried at 100C 

using a vacuum oven for 30 minutes to ensure that all the solvent was evaporated. 

Device fabrication was finalized by the evaporation of 200 nm thick aluminum top 

contacts through evaporation using a shadow mask. For comparison purposes, 



 

88 
 

identical devices were fabricated on ITO coated glass substrates (Delta Technologies, 

Part No. CB – 40IN – S211 4-8 Ω/sq sheet resistance and 83% transmittance).  

Since Ag NW networks are not forming a continuous film, they have relatively high 

roughness values. Figure 4.3 shows top and cross-sectional SEM images of Ag NW 

networks. Ag NWs cannot be deposited onto substrates as a monolayer, the 

roughness values of networks increase at the junction points.  

 

 
 

Figure 4.3 Top and cross-sectional SEM images of Ag NW networks on Si wafer. 

Both scales are the same [76]. 

 
Especially in thin film devices, such as OLEDs and OPVs, this roughness may cause 

the device to short. So, the roughness of the nanowire networks must be somehow 

decreased. Coating a conducting polymer over the Ag NW networks not only will 

decrease roughness but also will serve as a hole injection layer (HIL) in PLEDs. A 

parametric study was conducted on PEDOT:PSS coating of Ag NW networks. In the 

first series of experiments, PEDOT:PSS were diluted with isopropyl alcohol at 1:1 

volume ratio. In the second part, pure PEDOT:PSS solution was used. PEDOT:PSS 

solutions were deposited onto Ag NW networks via spin coating. Spin coating time 

set to 20 seconds. For roughness analysis, AFM was used in tapping mode. Figure 

4.4 shows AFM phase images of Ag NW networks. With PEDOT:PSS layer,  AFM 

3D images provided better visualization of the roughness. Figure 4.5 show AFM 3D 

images of the Ag NW networks with PEDOT:PSS layer. Comparing both phase and 

3D images it can be said that, covering ability of PEDOT:PSS increases with the  
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decrease in the spin coating speed. Moreover, since IPA evaporates quickly after spin 

coating, pure PEDOT:PSS forms thicker films than PEDOT:PSS / IPA mixture 

solution at the same spin coating speed. As it is seen from Figure 4.4 (g), (h) and 

Figure 4.5 (g), (h), when pure PEDOT:PSS was spin coated at 1500 and 1000 rpm, it 

totally covered the Ag NW network. Figure 3.6 shows how RMS roughness changed 

with the PEDOT:PSS coating processes. As coated Ag NWs had a RMS roughness 

of about 54 nm. Pressing during standard annealing process (@ 200°C for 30 

minutes) decreased the RMS roughness value to 42 nm. For the sample that was 

pressed during annealing as spin coated with PEDOT:PSS / IPA solution at a spin 

coating speed 2500 rpm, the RMS roughness decreased to 25 nm. Experiments 

showed that this RMS roughness value was enough for fabrication of PLEDs. For 

different applications, spin coating parameters can be adjusted so that the desired 

RMS roughness values can be obtained.  
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Figure 4.4  AFM phase images of Ag NW networks that are (a) as coated, (b) 

pressed during annealing, (c) PEDOT:PSS/IPA spin coated at 2500 rpm, (d) 1500 

rpm (e) 1000 rpm, (f) PEDOT:PSS spin coated at 2500 rpm, (g) 1500 rpm, (h) 1000 

rpm, respectively [76]. 
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Figure 4.5 AFM 3D images of Ag NW networks that are (a) as deposited, (b) 

pressed during annealing, (c) PEDOT:PSS/IPA spin coated at 2500 rpm, (d) 1500 

rpm (e) 1000 rpm, (f) PEDOT:PSS spin coated at 2500 rpm, (g) 1500 rpm, (h) 1000 

rpm, respectively [76]. 
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Figure 4.6 RMS roughness change of different Ag NW network samples [76]. 

 
 
Roughness optimized Ag NW networks were then implemented as anodes in poly [2-

methoxy-5-(2-ethyl-hexyloxy) -1,4-phenylene-vinylene] (MEH-PPV) PLED devices 

and their performance was compared to a device control fabricated with commercial 

ITO anode. Ag NW networks with PEDOT: PSS over layer were used as the anode 

and hole transport layer in PLED devices. In order to prevent the MEH-PPV from 

light and air, the solution was kept inside of an aluminum container and the container 

was kept inside of a glove box. Evaporation of 200 nm thick aluminum top contacts 

finalized the device fabrication. Figure 4.7 shows schematic structure of the 

fabricated PLED in this work [76]. 
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Figure 4.7 Schematic structure of PLED in which Ag NW networks were used as 

anode. 

 
Figure 4.8 shows corresponding band diagram for the fabricated PLED devices.  

 

 
Figure 4.8 Corresponding band diagram of the fabricated PLED devices with both 

ITO and Ag NW network anodes. 
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Devices were fabricated on glass substrates. Current-voltage (I-V) characteristics of 

the devices are provided in Figure 4.9. The threshold voltage of PLED with Ag NW 

network anode was 0.6V, much lower than that fabricated on ITO (2.4V). This fact 

can simply be explained by the oxide layer on the Ag NWs. A thin oxide later was 

expected to form on the surface of the NW networks due to handling/storage in air 

following their deposition. Work function of silver oxide (Ag2O) is 5.1 eV [28], 

which is quite close to the highest occupied molecular orbital (HOMO) level of 

interpenetrated PEDOT: PSS (5.2 eV) and the HOMO level of MEH: PPV (5.3 eV), 

leading to a low threshold voltage. In contrast, the relatively high threshold voltage 

of the PLEDs with ITO anode was attributed to the large difference between the 

work function of ITO (4.7 eV) and HOMO level of MEH: PPV. 

 

 

Figure 4.9 Current-voltage (I-V) characteristics of the PLED devices fabricated in 

this work [76]. 

Figure 4.10 and 4.11 shows electroluminescence behavior of PLED devices 

fabricated using Ag NW network and ITO as anodes, respectively. The observed 

peaks (590 and 650 nm) are the characteristic emission peaks of MEH-PPV. Photos 

of PLEDs at bias that are sufficient for overcoming the lowest unoccupied molecular 

orbital (LUMO) and HOMO energy levels of the MEH-PPV were used to 

demonstrate the luminescence properties of the devices. One can see from Figure 
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4.10 and 4.11 that at applied bias of 6V, the intensity of the light emitted from the 

PLED with ITO anode is higher than the one with Ag NW network anode. At 7V and 

above, the intensity of the emitted light from the PLED with Ag NW network anode 

surpassed that of the ITO device. The enhancement in the intensity with applied 

voltage can be attributed to the scattering of emitted light by Ag NWs that increases 

the output light intensity [29]. 

 
 

 

Figure 4.10 Electroluminescence characteristics of PLED device with ITO anode 

[76]. Inset shows a photo of emission. 

 

ITO 
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Figure 4.11 Electroluminescence characteristics of PLED device with Ag NWs 

networks anode [76]. Inset shows a photo of emission. 
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CHAPTER 5 

 

STABILITY OF SILVER NANOWIRES 

 

5.1. Introduction 

 

Besides very promising optoelectronic and mechanical properties of Ag NW 

networks, there are still a few points that need to be addressed prior to large-scale 

utilization of these materials and market entry. The first issue seemed to be high 

surface roughness of the Ag NW networks. As it was shown in the previous chapter, 

it is possible to decrease surface roughness of Ag NW networks via coating of over 

layers like a functional organic material and this would prevent the short circuit of 

the fabricated devices. The second and more challenging problem is the long-term 

stability of Ag NWs in ambient conditions and in devices that make use of Ag NW 

networks. Since the diameter of Ag NWs is less than 100 nm, very high surface to 

volume ratio make these nanomaterials highly vulnerable to corrosion. Failure of 

nanowires causes failure of the conductive network and as a result, the devices fail. 

When bulk Ag or Ag thin films were subjected to ambient conditions, the surface 

color of the metal turns into dark, which is known as ―tarnishing‖. Silver sulfide 

(Ag2S) layer forms on the surface of tarnished Ag. Although ambient stability and 

corrosion behavior of bulk Ag is a well-known subject, so far researchers conducted 

only very limited research on Ag NWs. Recently, Ag NWs were exposed to humidity 

[80], light [81], high temperatures [82] and high electrical currents [83] and all 

resulted in the enhanced degradation of Ag NWs. However, simple accelerated 

nanowire corrosion is unable to explain degradation mechanism of Ag NWs. 

Moreover, there is not consensus in the published literature on how long Ag NW 

networks can keep their initial sheet resistance values. For example, Mayousse et al. 

[84] reported that Ag NWs networks are stable under ambient conditions for two and 

half years. On the other hand, Jiu claimed that Ag NWs networks form open circuit 
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after six months [85]. Hence, corrosion of Ag NWs still needs further investigation, 

and thus; some versatile methods should be offered to increase their stability.  

5.2 Corrosion of Bulk Silver 

 

Since there are no comprehensive studies on the corrosion of Ag NWs, it can be 

helpful to review the corrosion of bulk Ag. Bulk Ag does not easily form an oxide 

layer on its surface unlike many other metals. When bulk Ag is exposed to reduced 

sulphur containing compounds such as carbonyl sulfide (OCS), sulphur dioxide 

(SO2) and hydrogen sulphide (H2S), a film of silver sulfide (Ag2S) is formed on its 

surface. Long exposure to ambient conditions causes formation of silver oxide 

(Ag2O). In addition, Franey et al. reported that, higher humidity and higher 

temperature resulted in corrosion of Ag at much higher rates [86]. Figure 5.1 shows 

how Ag2S formation rate depends on the sulphur gas source. OCS and H2S have the 

highest contribution for the formation of Ag2S. 

 

Figure 5.1 Growth rates of Ag2S when exposed to various ambient sulfur-containing 

gases such as H2S, OCS, SO2 and CS2 [86]. 
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Tsai et al. used terahertz spectrometry (THz) to the investigate oxidation of Ag NW 

networks especially at the nanowire-to-nanowire (NW-to-NW) junctions [87]. They 

used scanning transmission electron microscopy (STEM) to make compositional 

analyses of oxidized Ag NWs. Figure 5.2 (a) and (d) show cross-sectional STEM 

images of individual and stacked silver nanowires. As it is clear from the images of 

contact surfaces between Ag NWs and Si substrate and two nanowires are darker 

than other nanowire regions. Those darker regions correspond to oxygen rich parts of 

the EDS (Energy Dispersive X-Ray Spectroscopy) mapping images provided in 

Figure 5.2 (b), (c), (e) and (f). Hence, it can be said that oxidation occurs at between 

nanowire – nanowire, nanowire – Si substrate and nanowire – air contact surfaces.   

 

Figure 5.2 Cross-sectional STEM and EDS mapping images of oxidized sample. 

(a−d) STEM images of a single Ag NW and stacked Ag NWs. EDS mapping images 

in (b) and (e) correspond to Ag atoms and those in (c) and (f) for O atoms. Dashed 

lines are guides for the eyes of pentagonal Ag NWs [87]. 

Ellechiguerra et al. [88] investigated atmospheric corrosion behaviors of Ag NWs 

and nanoparticles via spectroscopic techniques. Figure 5.3 shows TEM images of Ag 

NWs exposed to ambient conditions for different time intervals. In Figure 5.3 (a) as 
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synthesized Ag NWs are shown with smooth surfaces and twin boundaries. Upon the 

exposure of Ag NWs to ambient conditions for 3 weeks, lateral surfaces of the 

nanowires start to be rough and some nanoparticles are formed on the surface of the 

nanowires as it can be seen in Figure 5.3 (b). These nanoparticles have crystalline 

structure as it is seen in Figure 5.3 (c). As the exposure time to ambient conditions 

increases, the amount of formed nanoparticles increases. Ambient stability tests are 

applied to Ag NWs for up to 24 weeks. As nanoparticles around the nanowires grow, 

the core diameter of Ag NWs is found to decrease. However, Ag NWs are found to 

keep their 1D geometry. 

 

 
Figure 5.3 TEM images of the same sample at different times after exposure to air 

under ambient conditions. (a) Sample just after synthesis. (b and c) TEM images of 

the sample after 3 weeks. TEM Images after (d) 4, (e) 5 (f) and 24 weeks [88]. 

XPS measurements have also been made to monitor the presence of residual PVP 

layer on lateral surfaces of Ag NWs, results of which are provided in Figure 5.4. The 

presence of carbon, nitrogen and oxygen on the surface of the sulfurized 

nanostructures is confirmed. The values for the binding energies of the three 

elements were similar to the values obtained for the original Ag NWs, confirming the 

presence of PVP on the surface of the sulfurized nanowires. These values are 

consistent with the reported data for Ag2S [88]. In addition, the XPS data confirmed 
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that no sulfites or sulfates are present.  The formation of silver oxide (AgO) is not 

observed. The binding energy of the O 1s peak also confirms that no silver (I) oxide 

is formed, since the expected binding energy for the O 1s peak in silver (I) oxide 

should be 528.6 eV [32], which is significantly lower than the value obtained for the 

sulfurized nanowires. 

 

 

Figure 5.4 XPS spectra of sulfurized Ag NWs, (a) C 1s spectrum, (b) N 1s spectrum, 

(c) O 1s spectrum, (d) Ag 3d5/2 and Ag 3d3/2 spectra and (e) S 2p3/2 and S 2p1/2 

spectra [88]. 
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Choo et al. investigated the degradation mechanism of Ag NWs under ultraviolet 

(UV) irradiation and heat treatment [89]. Figure 5.5 (a) and (b) shows the sheet 

resistance change with temperature and UV and ozone (O3) treatment time, 

respectively. Not considerable change in sheet resistance up to a temperature of 180 
oC is observed. However, especially over 200 °C the sheet resistance of the samples 

increases dramatically. The sheet resistance of the Ag NW electrodes remained 

almost the same with the UV/O3 treatment conducted at room temperature and heat 

treatment time for treatments up to 30 minutes. However, the sheet resistance of the 

Ag NW electrodes significantly increased with increasing UV/O3 treatment time for 

treatment periods longer than 30 minutes. Longer periods also increased the standard 

deviation in sheet resistance measurements. For example, following a UV/ O3 

treatment of 180 minutes, the average sheet resistance and its standard deviation are 

measured as1079 and 921Ω/sq, respectively.  

Figure 5.6 shows SEM images for the as-prepared Ag NWs, the UV/O3-treated Ag 

NWs and the annealed Ag NWs. While the pristine Ag NWs shown in Figure 5.6 (a) 

had smooth surfaces, very small nanoparticles are formed on the surfaces of the Ag 

NWs with increasing UV/O3 treatment time, as shown in Figure 5.6 (b). As the UV 

light exposure time increases, Ag NWs stat to rupture as it can be seen in Figure 5.6 

(c). Figure 5.6 (d), (e) and (f) show SEM images of Ag NW networks exposed to 

heat treatments at different temperatures of 160, 190 and 210 °C, respectively. When 

the thermal treatment temperature was 160 °C, a few regions around the contact 

points of the Ag NWs melted due to the applied thermal energy. The number of the 

ruptured Ag NWs increases with the annealing temperature. However, when the 

thermal treatment temperature was raised to 210 °C, spherically shaped particles are 

generated. SEM image in Figure 5.6 (f) shows that even though many Ag NWs are 

separated by the thermal treatment, resulting in the formation of discrete 

nanoparticles particles, short and rod-shaped Ag NWs were still present in the 

networks [89].  
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Figure 5.5 Sheet resistance of the Ag NW electrodes as functions of the (a) thermal 

treatment temperature and (b) UV/O3 treatment time [89]. 
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Figure 5.6 SEM images of the (a) pristine Ag NWs,  (b) 30 minutes UV/O3-treated 

Ag NWs, (c) 60 minutes UV/O3-treated Ag NWs, and the Ag NWs thermally treated 

at (d) 160, (e) 190, and (f) 210 °C for 10 minutes [89]. 
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5.3 Characterization 

 

In order to investigate the morphology of Ag NW networks, SEM (FEI Nova Nano 

SEM 430, operated at 10 kV) was used.  Ag NWs on Si substrates were directly 

placed onto the SEM sample holders. Furthermore, a detailed morphological and 

elemental analysis were conducted via transmission electron microscopy (TEM) 

performed on a JEOL FEG-TEM 2100F microscope, operated at 200 kV. Specimens 

for TEM analysis were prepared through the removal of Ag NWs from Si substrates 

using ultrasonication. Then, Ag NWs which diluted in ethanolic solutions were 

transferred onto holey carbon-coated copper grids. Energy dispersive X-Ray 

spectroscopy (EDS) attached to TEM was conducted for the compositional analysis. 

In addition, PHI 5000 VersaProbe spectrometer was used to collect XPS spectra. C 

(1s) line at 284.5 eV was used for reference and charge correction of the binding 

energies (BE). XRD measurements were performed on a Rigaku D/Max-2000 

diffractometer at Bragg-Brentanno geometry at 40 kV.  

 

5.4 Sample Preparation 

 

Ethanolic solutions of Ag NWs were spray coated onto Si substrates. As prepared 

samples without any further treatment were kept at ambient conditions for stability 

tests up to 6 months. Ag NWs were redispersed in DI water, ethanol, 2-propanol 

(IPA) and chloroform after purification and kept at +4°C in a refrigerator the for 

solvent stability tests. 

 

5.5 Results  

 

Figure 5.7 (a) shows SEM image of Ag NW networks in as prepared condition. As it 

can be seen from the figure, Ag NWs have smooth surfaces 1D morphology. 

However, some nanoparticle like structures are started to form on the lateral surfaces 

of Ag NWs kept in ambient conditions. Severe corrosion of Ag NWs causes rupture 

of the nanowires and so destruct the conductive network. In addition, Ag NWs are 
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not only vulnerable to the ambient atmosphere; but also, are sensitive to upcoming 

layers of the opto-electronic devices. For instance, Figure 5.8 shows an SEM image 

of Ag NW networks spin coated with PEDOT:PSS, and kept under protective 

atmosphere for one month. Due to the acidic nature of PEDOT:PSS (pH:    2) Ag 

NWs started to dissolve in this polymeric media and lose its structural integrity. 

 

Figure 5.7 SEM images of Ag NW networks that are (a) as-prepared and kept in 

ambient conditions for 6 months (b), (c) and (d).  
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Figure 5.8 SEM image of Ag NW networks spin coated with PEDOT:PSS and kept 

under protective atmosphere for 1 month.  

Further investigation of as formed nanoparticles on lateral surfaces of Ag NWs were 

made via TEM. Figure 5.9 shows TEM images of corroded Ag NWs and 

nanoparticles on their surfaces. Nanoparticles are formed as residual PVP layer keeps 

its presence on lateral surfaces of the nanowires. 
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Figure 5.9 TEM images of various corroded Ag NWs with as formed nanoparticles 

on their lateral surfaces (a), (b), (c) and (d).  

Figure 5.10 shows HRTEM images of as prepared (a) and corroded Ag NWs (b), (c) 

and (d). As it can be seen from Figure 5.10 (a) as prepared Ag NWs have a smooth 

and defect free surfaces. In addition, residual PVP layer is still present on the lateral 

surfaces of the nanowires (~2-3 nm thick). Nanoparticles directly grow on the 

surface of the nanowires as shown in Figure 5.10 (b), (c) and (d). Moreover, as 

formed nanoparticles are also crystalline as shown in Figure 5.10 (c) and (d). Formed 

nanoparticles are polycrystalline, since at least two different growth directions are 

observed for these nanoparticles (Figure 5.10 (c) and (d)).  
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Figure 5.10 HRTEM images of (a) as-prepared and (b), (c) and (d) various corroded 

Ag NWs with as formed nanoparticles on their lateral surfaces. 

Figure 5.11 shows an EDS result for an individual Ag NW, obtained through S/TEM 

which is in as-prepared condition. Elemental compositions obtained during EDS 

analysis is tabulated and provided in Table 5.1, Ag is the only element present within 

the as-prepared nanowires. Since PVP contains O and N elements, they were 

intentionally excluded during the EDS measurement. 

Figure 5.12 shows EDS result for a nanoparticle formed on lateral surface of a 

nanowire obtained through S/TEM. Elemental compositions obtained during EDS 

analysis is tabulated and provided in Table 5, besides Ag, S is also present in the 

structure. This result is quite coherent with the one reported by Elechiguerra el at. 

[88] and it can be said that these nanoparticles formed on the surfaces of nanowires 

are silver sulfide (Ag2S).  
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Figure 5.11 EDS analysis of a Ag NW in as-prepared condition. 

 

Table 5.1 EDS result of an Ag NW in as-prepared condition. 

Element Peak Area k    Abs  Weight% Weight% Atomic%   

    Area Sigma factor Corrn.     Sigma       

Ag L 105469 901   

1.724 

0.895 100.00 0.00 100.00   

                  

Totals         100.00       
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Figure 5.12 EDS analysis of an Ag NW with nanoparticles on its lateral surfaces. 

 

Table 5.2 EDS results of a corroded Ag NW with nanoparticles on its lateral surfaces 

that was kept in ambient conditions for 6 months. 

Element Peak Area k    Abs  Weight% Weight% Atomic%   

    Area Sigma factor Corrn.     Sigma       

S K 1476 141   0.940 0.928 0.89 0.09 2.94   

Ag L 92682 845   1.724 0.896 99.11 0.09 97.06   

                  

Totals         100.00       
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Figure 5.13 shows XRD spectrum of Ag NWs that were kept under ambient 

conditions for 6 months. Self-standing Ag NW foils fabricated via vacuum-filtration 

method was used for the XRD measurements. XRD analysis showed that Ag NWs 

within the foil gets both sulfurized and oxidized. Oxidation of bulk Ag generally 

necessitates more time than its sulfurization. However, since Ag NWs have much 

higher surface to volume ratio, their oxidation can readily take place under ambient 

conditions. 

  

 

Figure 5.13 XRD spectrum of corroded Ag NWs. (JCPDS card no 04-0783 for pure 

Ag, 76-1393 for Ag2O and 65-2356 for Ag2S) 
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XPS analysis was performed on an Ag NW network that was kept 6 months under 

ambient conditions for 6 months. Binding energies obtained in the XPS analysis 

calibrated against C 1s peak at 284.2 eV indicate the presence of C, Ag, O and S. as 

shown in Figure 5.14. Figure 5.15 shows the high resolution Ag 3d5/2 and Ag 3d3/2 

peaks at 365.7 and 371.17, respectively with a spin-orbit separation of 5.47 eV. The 

presence of C, O, and S on the surface of the corroded Ag NWs was confirmed. The 

values for the binding energies of the three elements C 1s 282.3 and 283.2 eV as 

shown in Figure 5.16, O 1s peak can be deconvoluted into two peaks with binding 

energies of 531 and 531.9 eV as shown in Figure 5.17. The peaks observed in Figure 

5.18 correspond to S 2p3/2 and S 2p1/2 have binding energies of 159.6 and 166.5 

eV. 

 

 

 

Figure 5.14 XPS survey spectrum of corroded Ag NWs. 
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Figure 5.15 High-resolution XPS spectrum of Ag 3d. 

 

 

 

Figure 5.16 High-resolution XPS spectrum of C 1s. 
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Figure 5.17 High resolution XPS spectrum of O 1s. 

 

 

 

Figure 5.18 High resolution XPS spectrum of S 2p. 
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As discussed in detail in the previous chapters, Ag NWs are synthesized via a 

solution process and then purified via multiple centrifuge processes. Then Ag NWs 

are dispersed in various solvents for further characterization and utilization. Hence, 

the solvent stability of Ag NWs is equally important to their network stability. As 

their solvent stability is explored, it will be possible to keep Ag NW in solution 

without degradation. For this purpose, Ag NWs were dispersed in various solvents 

such as DI water, ethanol, IPA and chloroform. These suspensions were kept at +4°C 

in a refrigerator. Figure 5.19 shows SEM images of Ag NWs dispersed in (a) DI 

water, (b) ethanol, (c) IPA and (d) chloroform for 2 years. As shown by SEM 

images, morphological change nor is degradation observed in silver nanowires. Ag 

NWs kept their pristine morphology and no degradation was observed. 

 

Figure 5.19 SEM images of Ag NWs kept in (a) DI water, (b) ethanol, (c) IPA and 

(d) chloroform at 4˚C for 2 years. All scales are the same. 

 



 

117 
 

Degradation of Ag NWs might also take place due to the service conditions of a 

device that utilizes them. Ag NWs networks generate heat via Joule heating 

mechanism when a direct current (DC) voltage is applied [90].  This heat may cause 

rupture of Ag NWs particularly targeting the ones with thinner diameters within the 

network. Figure 5.20 shows SEM images of Ag NW networks that were subjected to 

a high current flow. As shown by the SEM images, a discontinuity occurs in the 

network and although most nanowires remain intact, the ones in the channel gets 

destroyed.  

 

 

Figure 5.20 SEM images of failed Ag NW networks under high current. 
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Figure 5.21 shows how the sheet resistance of Ag NW networks changes with 

temperature for the electrodes with two different resistance values. Heat treatment up 

to 250°C caused well integration of Ag NWs to each other at the junction points and 

decreased the resistance of the network. Depending on the initial resistance of the 

network, up to 7 orders of magnitude change in resistance can be obtained in the 

networks (Figure 5.21). However, temperature above 250°C irreversibly increased 

the resistance of the network. These results were found to be in reasonable agreement 

with the ones obtained in Chapter 3 Figure 3.41 where an annealing temperature of 

200 °C was used for the Ag NW network following deposition in consecutive 

experiments. These measurements were made at LGMP, France. Samples were 

placed onto a heated stage and contacts were spring loaded during measurements. A 

photograph of the experimental setup is shown in Figure 5.21as inset.  A Keithley 

2400 source meter was used for the measurements controlled through a LabVIEW 

programme. Samples were heated from 25 to 275 °C in air atmosphere at a heating 

rate of 10 °C/min while monitoring the change in resistance. 

 

Figure 5.21 Resistance change in Ag NW nanowire networks with increasing 

temperature. Inset show photograph of the measurement setup. 
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CHAPTER 6 

 

SOL-GEL COATING OF NiO THIN FILMS ON SILVER NANOWIRE 

NETWORKS 

 

6.1. Introduction 

 

Due to ambient vulnerability of Ag NWs, researchers seek for a protective layer to 

prevent oxidation of these 1D nanostructures. The upcoming layer to serve as a 

protector layer on Ag NW networks should also be transparent and should not 

decrease the network conductance. The use of Ag NWs as transparent conductors in 

opto-electronic device, such as organic photovoltaics (OPVs) or organic light 

emitting diodes (OLEDs) necessitate a hole transport layer (HTL), as discussed in 

Chapter 4. For this purpose, preferentially p-type semiconductors seem to be perfect 

candidates. They can serve as both protective and charge transport layers. So far, 

researchers have demonstrated the use of several semiconducting metal oxide layers 

in order to decrease the surface roughness and increase the stability of Ag NW 

networks. Ju et al. used indium doped zinc oxide (IZO) for this purpose [91]. Figure 

6.1 shows how The IZO / Ag NW network nano composites were prepared through 

sputtering. It has been claimed that IZO buffer layer is critical in achieving a 

conductive nano composite with IZO buffer layer can achieve a highly conductive, 

excellent mechanical properties, stability and high transparency. In addition, the IZO 

layer entirely covers the Ag NWs, thereby filling empty spaces between nanowires, 

strongly binding the Ag NW network and reducing the sheet resistance of the 

network without a chemical treatment. IZO acted as an encapsulation layer 

protecting the Ag NWs from surface oxidation, thus improving the mechanical and 

chemical stability of the nano composite film [91].  
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Figure 6.1 Schematic representation of the preparation of IZO / Ag NW nano 

composites [91]. 

Figure 6.2 shows tilted SEM images of Ag NW networks following IZO deposition. 

Deposition of IZO decreased the surface roughness of the Ag NW networks. 

Figure 6.2 Tilted cross-sectional SEM image of transferred Ag NWs (a), a 

composite Ag NW/IZO film (b) [91]. 

 



 

121 
 

However, for a HIL or HTL a p-type semiconductor is desired rather than a hole 

deficient n-type semiconductor (such as ITO, IZO, ZnO). Therefore, the use of p-

type semiconductors, such as NiO and MoO3 on Ag NW networks is considered. 

Moreover, instead of vacuum based expensive methods such as sputtering and 

physical vapor deposition, solution-based routes are investigated. 

Nickel oxide (NiO) is a well-known wide band gap (3.6-4.0 eV) semiconductor 

material possessing p-type conductivity. It has been widely used in gas sensing [92], 

catalysis [93], electrochromic [94] and optoelectronic applications. P-type electronic 

conductivity of NiO makes it a suitable candidate as a hole transport medium in 

LEDs and solar cells, where robustness and abundance of NiO is advantageous in 

comparison to expensive and unstable polymeric counterparts. Most of such 

electronic applications require thin, homogeneous and non-porous layers in order to 

exhibit low resistance and long carrier diffusion lengths. NiO thin films have been 

deposited on glass substrates using various techniques like magnetron sputtering 

[95], pulsed laser deposition [96], chemical vapor deposition [97] and sol-gel process 

[98]. Among these methods, sol-gel method is a promising and low cost method due 

to inexpensive equipment requirement, high purity, scalability and reproducibility. 

This method can be practiced by spray, dip or spin coating techniques for production 

of a film.  

 

6.2 Characterization  

 

The resultant Ag NWs and thickness and the morphology of the NiO thin films were 

analyzed by FE-SEM (Nova NanoSEM) operated at 10 kV. X-Ray diffraction (XRD) 

measurements were carried out on a Rigaku D/Max-2000 pc diffractometer with Cu 

K radiation operating at 40 kV. 
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6.3. Experimental 

 

6.3.1. Fabrication of Silver Nanowire Network Transparent Electrodes 

 

Then using purified silver nanowires, transparent and conducting contacts were 

fabricated using simple and cost effective procedures. Using spray coating, Ag NWs 

can be deposited onto various substrates without a size limitation. Figure 7 shows 

experimental setup for spray coating of silver nanowires. As it is seen, it is possible 

to coat enormous amount of substrates via spray coating simultaneously. As Ag NW 

density increases, transmittance and sheet resistance decreases. A good combination 

of 10 Ω/sq sheet resistance at % 85 transmittance is easily obtainable with as 

synthesized silver nanowires. Since there is a thin PVP layer on the lateral surfaces 

of Ag NWs, a simple annealing process is needed in order to decrease the contact 

resistance of Ag NWs. As a result, total sheet resistance of Ag NW networks 

decreases. Figure 6.4 shows SEM images of silver nanowire network at different 

magnifications.  

 

Figure 6.3 Image of spray deposition set-up for silver nanowire coating. 
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Figure 6.4 (a) – (d) SEM images of silver nanowire based transparent conductors. 

 

6.3.2. Synthesis of Nickel Oxide 

 

NiO thin films have been prepared by sol-gel technique using nickel acetate 

                    as the precursor, 2-methoxyethanol as the solvent and 

monoethanolamine (MEA) as the stabilizer. Following dissolution of 2 mM of 

precursor in 20 ml of solvent, 10 µl of stabilizer was added to the mixture. The 

solution was then obtained by stirring at 60°C for 3h. After cooling down to room 

temperature, solution was ready for the coating process. Glass substrates were 

cleaned firstly by detergent, then in acetone, isopropanol and deionized water using 

ultrasonic cleaner and were dried with nitrogen. Solution was dropped onto the glass 

substrate and spray coated at 3000 rpm for 30 seconds. After each coating step, films 

were dried at 180°C for 15 min in a furnace to remove the extra solvent. In order to 

obtain homogeneous and dense layers, films have been grown on glass substrates by 
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consecutive spin coating of layers (5, 10 and 15) and annealed at different 

temperatures (400, 450 and 500°C) [99].  

 

Figure 6.5 Flowchart showing sol preparation and spin coating procedure of NiO 

thin films [99]. 

XRD pattern of a NiO thin film is provided in Figure 6.6. It is seen that films are 

composed of pure cubic structure of NiO and peaks observed at 37o (111), 43o (200), 

63o (220) are assigned to bunsenite phase according to JCPDS card no 47-1049. No 

other secondary phases, such as Ni(OH)2 or Ni2O3 are observed. Ni(OH)2 or Ni2O3 

are possible by products observed in literature for sol-gel derived NiO films. It was 

observed that peaks are not quite distinctive for films annealed at 500°C and 

intensity of the peaks increases with increasing annealing temperature, indicating that 

crystallinity of the films strongly depend on the annealing temperature. Films 

annealed above 500°C clearly shows crystalline structure [99].  

 

Figure 6.6  XRD pattern of a NiO thin film annealed at 500o C (JCPDS card no 47-

1049) [99]. 
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Morphology of the film surfaces was also investigated and SEM micrographs of that 

are given in Figure 6.7. NiO thin films with three different thickness were annealed 

at 500 °C. Homogeneous films were found to be free of cracks and nanoparticles 

were extra fine and distributed uniformly on the glass substrate for all film 

thicknesses and annealing temperatures. 

 

Figure 6.7 (a) Top-view, (b) – (d) cross-sectional SEM images of NiO thin films on 

silicon substrates [99]. 

 

Following deposition of NiO solution, films were annealed at different temperatures 

in order to obtain crystalline films. Figure 6.8 shows SEM images of NiO thin films 

annealed at 400, 450 and 500 °C. SEM images showed that the average size of 

crystalline NiO particles consisting the thin films decrease with an increase in 

annealing temperature as the annealing temperature increases the average size of the 

crystalline NiO particles decreases.  
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Figure 6.8 SEM images of NiO thin films on silicon substrates annealed at different 

temperatures of (a) 400, (b) 450 and (c) 500 °C [99]. 

 

Following the successful formation of NiO thin films on Si substrates, the same 

procedure was applied for Ag NW coated glass and silicon substrates. Figure 6.9 

shows SEM images of the samples that are as prepared, 5 times, 10 times and 15 

times spin coated with NiO solution, respectively. SEM images showed that the Ag 

NWS become more and more invisible beneath to NiO thin film as the number of 

spin coating cycles increase. 

 

Figure 6.9 shows cross-sectional SEM images of NiO thin film coated Ag NW based 

transparent conductors. It is clear that NiO thin film homogenously covers the Ag 

NWs and decreases the surface roughness of the network. Homogeneous film 

formation is also crucial for the efficient protection of Ag NWs against oxidation. In 

addition, decreased roughness is also very important for device fabrication since 

higher surface roughness may cause device shorts in optoelectronic devices as 

discussed in Chapter 4.  
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Figure 6.9 Top-view SEM images of (a) bare Ag NWs networks, (b) 5, (c) 10 and 

(d) 15 times spin coated NiO thin films. 

 

 

Figure 6. 10 Cross-sectional SEM images of NiO coated Ag NWs from 2 different 

spots. 
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Following spin coating, in order to obtain nanocrystalline NiO thin films, a post 

annealing procedure is needed. For this purpose, first of all, annealing at ambient 

conditions was investigated. Figure 6.11 shows SEM images of NiO / Ag NW nano 

composite thin films annealed at 500 °C under ambient conditions. Annealing under 

ambient conditions resulted in the destruction of Ag NWs, especially for 5 and 10 

times spin coated samples. For the 15 times, spin coated sample, seemed to survive 

their nanowire morphology. This study clearly pointed out that the NiO / Ag NW 

nano composites should be annealed under the protective atmosphere to nanowire 

morphology. 

 

 

Figure 6.11  SEM images of NiO / Ag NWs thin films on silicon substrates annealed 

at 500 °C in air atmosphere (a) 5x, (b) 10x and (c) 15x. 

Figure 6.12 show set of SEM images of NiO / Ag NW nanocomposites with different 

NiO thicknesses (60, 110 and 150 nm) annealed at different temperatures. Annealing 

was conducted under argon atmosphere. SEM images showed that the particle size of 

NiO nanocrystals increase and the smoothness of the films gets improved with the 

increased number of coating cycles and annealing temperatures. 

Figure 6.12 (a) shows SEM image of 5 times NiO deposited Ag NW networks 

annealed at 500°C under argon atmosphere. This sample was kept under ambient 

conditions until SEM characterization. As shown by the SEM image, NiO layer 

couldn’t protect all Ag NWs. In Figure 6.12 (b) formation of silver oxide 

nanoparticles 

 5 µm 
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 on Ag NWs is obtainable. That means that thicker NiO thin films should be 

deposited onto Ag NWs thus 10 or 15 deposition cycles should be preferred. 

 

Figure 6.12 SEM images of NiO/Ag NW nano composite films on Si substrates 

annealed at different temperatures with different coating cycles (a) 5 times, (b) 10 

times, (c) 15 times at 400 °C  , (d) 5 times, (e) 10 times, (f) 15 times 450 °C, (g) 5 

times, (h) 10X times and (I) 15 times 500 °C  under argon atmosphere. 

Figure 6.13 shows SEM images of NiO thin film deposited Ag NW network 

annealed at 500 °C which were kept under ambient conditions for 4 months. SEM 

images showed that the thickness of the protective NiO thin films has crucial effect 

on the oxidation behavior of silver nanowires. Five times NiO deposited Ag NWS 

are started to get oxidized after two months. In addition, the degree of oxidation 

increases with time. It was also observed that the ten times NiO deposited Ag NWs 

start to get oxidized after 4 months under ambient conditions. However, fifteen times 

NiO deposited Ag NWs remained unoxidized even when they were kept under 

ambient atmosphere for four months. As a result, NiO thickness as a protection layer 
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around Ag NWs is crucially important. It has been found that a NiO layer at a 

thickness of about 150 nm perform efficiently as aprotection layer for Ag NW based 

transparent conductors.  

 

 

Figure 6. 13 SEM images of (a) 5, (b) 10 and (c) 15 times NiO deposited Ag NW 

networks after 4 months. Under ambient conditions. All scales are the same. 

Figure 6.14 shows how sheet resistance of Ag NW networks decrease with the 

number of NiO deposition cycles. This effect may arise from two simultaneous 

mechanisms. Firstly, annealing steps following each spin coating cycle can decrease 

the contact resistance between Ag NW junctions. Secondly, as deposited NiO 

nanoparticles at junction points improve the contacts in between the nanowires. 

 

Figure 6. 14 Change in sheet resistance for NiO / Ag NW nano composites with the 

number of NiO deposition cycles. 
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Figure 6.15 shows how sheet resistance values of NiO deposited Ag NW networks 

change with respect to time. Although 60 and 110 nm NiO coated networks cannot 

keep their initial sheet resistance, 150 nm NiO deposited network showed a quite 

stable sheet resistance behavior. 

 

Figure 6.15 Change in sheet resistance for NiO / Ag NW nano composites with time. 

Figure 6.16 and 6.17 show percent transmittance and absorbance behavior of NiO 

deposited Ag NW networks, respectively. Absorbance and Transmittance spectra for 

bare glass and Ag NWs on glass is also provided for comparison. These 

measurements have shown that the increased NiO thickness decreased the 

transmittance of the networks while increasing their absorbance.  
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Figure 6.16 Percent transmittance of NiO / Ag NW nano composites.  

 

 

Figure 6.17 Percent absorbance of NiO / Ag NW nano composites. 
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Figure 6.18 shows SEM images of Ag NW networks deposited with 60 nm NiO thin 

films, which were kept under ambient conditions for 18 months. Upon the 

comparisionof these SEM images with those taken after 4 months of storage (Figure 

6.13) it becomes clear that the oxidation of  Ag NWs increases gradually. 

 

Figure 6.18 SEM images of (a) and (b) 5X (60 m) NiO deposited Ag NW networks 

after 18 months storage under ambient conditions. 

Figure 6.19 shows SEM images of Ag NW networks deposited with 110 nm thick 

NiO thin films, which were kept under ambient conditions for 18 months. As those 

SEM images compared with the one taken after 4 months it can be said that, 

oxidation of silver nanowires seem to increased gradually. 

 

Figure 6.19 SEM images of (a) (b) 10 times and NiO deposited Ag NW networks 

after 18 months under ambient conditions. 
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Figure 6.20 shows SEM images of Ag NW networks deposited with 110 nm thick 

NiO thin films, which were kept under ambient conditions for 18 months. Upon 

comparing these SEM images to those taken after 4 months of storage it becomes 

clear that the nanowires maintain their integrity. Only a few nanoparticles are 

observed to form on the surfaces of Ag NWs. 

 

Figure 6.20 SEM images of (a) and (b) 15 times NiO deposited Ag NW networks 

after 18 months under ambient conditions. 
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 

 

 

7.1. Conclusions 

 

This thesis consists of a study on the synthesis of Ag NWs using modified polyol 

process and utilization of these Ag NWs for the fabrication of TCCs with the 

investigation of effective parameters. Such as, moreover, fabricated Ag NW 

networks were used as anodes in PLEDs. This was followed by the investigation of 

the stability of as-synthesized Ag NWs and Ag NW networks. Finally, NiO thin 

films were deposited on Ag NWs networks for the fabrication of NiO / Ag NW nano 

composites to increase the ambient stability of transparent conductors.   

In the first part, the mechanism of the polyol process mechanism was investigated 

400 mg in 2 hours and it was modified to synthesize large amount Ag NW in one 

pot. 

In the second part, Ag NW based transparent and conducting contacts were 

fabricated using simple and cost effective procedures. Using spray coating, Ag NWs 

were deposited onto various substrates without a size limit. Ag NW density was 

controlled by the number of spray coating cycles and an increase in the Ag NW 

density resulted in a decrease in transmittance and sheet resistance of the networks. 

Since there is a thin PVP layer on the lateral surfaces of Ag NWs, a simple annealing 

process was needed to decrease the contact resistance between Ag NWs. As a result, 

the sheet resistance of Ag NW networks were found to decrease. Our results showed 

that, Ag NW networks can be annealed at 200°C up to three hours to improve 

nanowire-nanowire junctions and thus to decrease the sheet resistance of networks. 

Further annealing resulted in an increase in the sheet resistance of Ag NW networks. 
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Moreover, it has been found that temperatures over 200°C are not safe for Ag NW 

networks. Our best combination of figure of merit sheet resistance and optical 

transmittance was 11 ohm/sq and 87.6%, respectively. In order to utilize Ag NW 

networks as TCC, their 

 high roughness values should be decreased. As a simple solution, deposition of a 

conducting polymer layer was found to decrease the roughness of the networks. 

In the third part, ambient and solvent stability of Ag NWs were investigated. Results 

showed that although Ag NWs are quite stable in solvents when kept in refrigerated, 

they form silver sulfide (Ag2S) and silver oxide (Ag2O) nanoparticles on lateral 

surfaces of silver nanowires under ambient conditions.  

In the final part, sol-gel processed NiO thin films were deposited onto Ag NW 

networks in order to increase the ambient stability of transparent conductors. 150 nm 

thick NiO thin films could provide a suitable protective layer for Ag NWs networks. 

 

7.2. Future Recommendations 

 

In this thesis, it is shown that Ag NWs can be synthesized in large quantities. A self-

seeding polyol process was used for this purpose. Seeded version of this approach 

can be investigated. In addition, effect of different seed materials can be investigated 

as well. Stability results showed that, Ag NWs need a transparent and conductive 

protective layer. In addition, only some part of the nanowire paths are used when Ag 

NW networks were used as a contact material. Better coating methods or removal of 

some nanowires after contact fabrication can be investigated. 
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