
 

 

 

 

Silver nanowire transparent electrodes 

for device applications 

by 

Hadi Hosseinzadeh Khaligh 

 

 

A thesis 

presented to the University of Waterloo 

in fulfillment of the 

thesis requirement for the degree of 

Doctor of Philosophy 

in 

Electrical and Computer Engineering- Nanotechnology 

 

Waterloo, Ontario, Canada, 2016 

© Hadi Hosseinzadeh Khaligh 2016 

 

  



ii 

 

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including 

any required final revisions, as accepted by my examiners. I understand that my thesis may be 

made electronically available to the public. 

  



iii 

 

Abstract  

Random networks of silver nanowires are a promising option to replace conventional transparent 

conductive oxides, such as indium tin oxide (ITO), which are expensive, brittle, and require high 

temperatures and vacuum during deposition. In this work, silver nanowire transparent electrodes 

are fabricated with similar optoelectronic properties as ITO, while having a more convenient 

deposition process and being both cheaper and more mechanically flexible. Alongside these 

benefits, however, are some technical challenges that need to be addressed before nanowire 

electrodes can be widely used in commercial electronic devices. Firstly, the high surface roughness 

of the nanowire electrodes can cause issues such shorting when they are integrated into thin-film 

devices. A simple hot-rolling method was studied to embed the nanowires into the surface of 

plastic substrates, which reduces both the surface roughness and nanowire adhesion. A second 

issue with nanowire electrodes is the Joule heating that occurs when they conduct current for long 

periods of time, as is the case when used in solar cells and light emitting diodes. It is shown that 

the current density in the nanowires is both much higher and non-uniform than in a continuous 

film such as ITO. This leads to localized temperatures of 250 °C or more when conducting current 

levels encountered in organic solar cells and OLEDs. These temperatures accelerate electrode 

breakdown. A passivation layer of reduced graphene oxide is deposited on the nanowire films to 

slow their degradation. However, Joule heating still occurs and the electrodes fail due to melting 

of the plastic substrate.  Recommendations for managing these adverse effects are proposed.  

To expand the application of silver nanowire transparent electrodes, they are integrated into 

polymer dispersed liquid crystal (PDLC) smart windows for the first time. Not only are the 

materials and fabrication costs of the nanowire electrodes less than ITO, but the resulting smart 
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windows exhibit superior electro-optical characteristics. In another application, silver nanowires 

in conjunction with Al-doped ZnO (AZO) are developed as a conformal and transparent electrode 

to improve the efficiency of 3D solar cells. 

Lastly, a simple method of growing AgCl nanocubes directly on silver nanowires is introduced, 

which can have applications in surface enhanced Raman spectroscopy (SERS) and photocatalytic 

reactions.   
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Chapter 1                                                 

Introduction 

 

1.1 Transparent conductive electrodes 

Transparent conductive electrodes (TCEs) or transparent electrodes (TEs) are films that are both 

electrically conductive and optically transparent. These electrodes are a crucial part of many 

electronic and optoelectronic devices such as touch panels, liquid crystal displays (LCDs), organic 

light emitting diodes (OLEDs), solar cells, and transparent heaters. For example, in organic solar 

cells a transparent electrode preforms as either the cathode or anode which lets light enter the 

device while at same time collecting the generated electric charges. Figure 1.1 shows a schematic 

of an organic solar cell having a transparent electrode as a cathode. 

 
Figure 1.1 Schematic of a typical organic solar cell. 

 

The most commonly materials used as transparent electrodes are transparent conductive oxides 

(TCOs) such as indium tin oxide (ITO) and aluminum doped zinc oxide (AZO). Films of 

transparent conductive oxides are transparent to visible light since their band gap energies are 

higher than the energy of photons in the visible range. Figure 1.2 shows the optical spectrum of 
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ITO. ITO has a bang gap of 3.8 eV [1]. Due to this band gap, ITO absorbs a large portion of light 

with wavelengths below 300 nm. Transmittance also decreases exponentially for wavelengths 

above 1000 nm which is related to the collective oscillation of conduction band electrons, called 

plasma oscillations [1]. The transmittance and conductivity of transparent conductive oxide films 

can be controlled by varying the thickness of the deposited film. Thicker films result in a more 

conductive, but less transparent electrode. This is generally the case for transparent electrodes: 

there is a trade-off between high transmittance and high conductivity.  

 

Figure 1.2 Optical spectra of typical ITO films including reflection (R) and transmittance (T) [1]. 

In the last decade, the market of electronic displays and touch screens has increased drastically.  

For example, 362 million touch panels were produced in 2010 with an increase of 20% each year 

up to 2014 [2]. In addition, new device technologies call for new features for transparent electrodes 

like mechanical flexibility, simple fabrication processes, low cost and light weight.  ITO cannot 

meet all the expectations for the next generation of electronics. ITO has ceramic properties, so it 

is not flexible; a strain as low as 2-3 % can initiate cracks in ITO films on flexible substrates which 

reduces electrode conductivity and thus the performance of the device [3]. Secondly, indium is a 

rare element and the price of indium is volatile with an overall increasing trend [4]. Thirdly, the 

fabrication of ITO is costly since it requires high temperatures and high vacuum for control over 
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the thickness and doping concentration [4]
. Also, it is deposited by sputtering which can damage 

underlying layers in the case of organic devices. Fourthly, ITO has a high index of refraction which 

is not suitable for display applications since it reflects light whereby decreasing the brightness of 

the screen. An additional coating needs to be applied to solve this problem, leading to additional 

cost. 

Extensive research has been devoted to solving the problems associated with ITO transparent 

electrodes. For example, to make a mechanically flexible electrode, ITO has been laminated onto 

substrates like polyethylene terephthalate (PET), and ITO with various elemental ratios have been 

investigated to improve the mechanical properties of the film [4]. However, these approaches not 

only add additional manufacturing cost but also reduce the optical and electrical performance of 

such electrodes. Therefore, over the past decade many researchers have tried to find an alternative 

material to replace ITO and several potential candidates have emerged. Each candidate has 

advantages and disadvantages and more investigation is needed before any of them can be used 

commercially.  

1.2 Alternative materials 

Current noteworthy materials for ITO substitution are carbon nanotubes (CNTs), graphene, 

transparent conductive polymers, metal grids, and random meshes of metal nanowires. 

1.2.1 Carbon nanotubes 

Carbon nanotubes, which were first synthesized in 1990 [5], have unique electrical and optical 

properties such as their electron mobility which can reach more than 100 000 cm2/V·s [6]. Random 

networks of carbon nanotubes were proposed as an attractive alternative to ITO. However, the 

conductivity of nanotube films  are much lower than ITO because of high resistances at the junction 

of overlapping nanotubes in the network [6]. In addition, in the synthesis process of the nanotubes, 
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both semiconductor and metal nanotubes are formed and it is not easy to separate out only the 

metal nanotubes. The semiconducting tubes do not contribute much to the film conductivity, but 

their presence lowers transparency. Several methods including acid treatment of nanotubes have 

been proposed to reduce the sheet resistance of the nanotube films [7]. However, the sheet resistance 

and transparency of these electrodes are still lower than that of ITO and are thus not yet a promising 

replacement. 

1.2.2 Graphene 

Graphene is another alternative for replacing ITO. Among the interesting properties of graphene 

is the capability of adding external dopants which results in high in-plane conductivity of graphene 

sheets. The thickness of the graphene sheets is on the order of a few nanometers and thus graphene 

sheets are relatively transparent to visible light. 

The major concern of using graphene is the complexity of fabricating a single sheet of graphene 

of large area. More often, instead of a single sheet of graphene, networks of graphene flakes are 

synthesized. These network of flakes result in very high sheet resistance, in the range of several 

kΩ [4], because there is a high contact resistance between flakes [8]. Although researchers have 

introduced new methods of fabricating a single sheet of graphene, such as the high temperature 

CVD method, the cost of this method is relatively high [9] and the sheet resistances in these single 

sheets are still not low enough to be useful in most applications. 

1.2.3 Conductive polymers 

Transparent conductive polymers have interesting properties like high flexibility, low cost and 

light weight. Several companies have been trying to use them in various devices such as touch 

panels and organic electronics [10]. The combination of Poly (3, 4-ethylenedioxythiophene) and 
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poly (styrene sulfonate), known as PEDOT:PSS, is the most common transparent conductive 

polymer being used in organic electronics.  

One of the major problems of conducting polymers is their instability in air due to absorption of 

oxygen and moisture. For example, PEDOT:PSS degrades in air in a short time. To solve this 

problem, extensive research is being done to synthesize more stable conducting polymers. Fujitsu 

has used a type of polythiophene, which is more stable in air, for their organic touch panels [10]. 

Another major problem is that the conductivity and transparency of conductive polymers is low 

and can therefore not replace ITO in many applications. One possibility is to combine conducting 

polymers with other materials such as graphene or nanostructured metals to enhance 

conductivity [11,12]. 

1.2.4 Metal nanowire electrodes 

Because of the low conductivity of carbon nanotube films, graphene, and transparent conducting 

polymers, metal nanostructures are an appealing alternative. However, because of the very low 

transparency of metals to visible light, fabrication of transparent metallic electrodes was not easy 

until the emergence of nanotechnology and nanostructured materials. Metal nano-grids, thin metal 

films (of less than 10 nm thickness) and random meshes of metal nanowires are three common 

structures used to make transparent electrodes [13–15]. Among these structures, random networks of 

nanowires became the most interesting due to nanowire films being easier to synthesize and having 

better optoelectronic properties; grids have to employ lithography or printing, and the 

transmittance of thin metal films are low.  

Metal nanowires have diameters that are typically less than 100 nm and lengths of 1 µm or more. 

Metal nanowires such as copper or silver can be synthesized in solution, and then deposited on 
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transparent substrates such as glass or plastic to create a random conductive mesh. These films are 

similar to carbon nanotube films, except in this case all wires are metallic.  And because metal 

junctions can be sintered, the nanowire-nanowire junction resistance can be much lower than for 

carbon nanotubes. The mesh transparency can reach 90% for a sheet resistance below 10 Ω/□, 

which makes the transparency and conductivity similar to that of ITO and thus suitable for 

transparent electrode applications [15]. Sheet resistance and transparency of the films can be 

controlled by varying the nanowire density: denser films are more conductive but less 

transparent [15]. 

Simple and cheap fabrication, high transparency, and low sheet resistance are advantages of metal 

nanowire structures. Moreover, the nanowire electrodes are mechanically flexible. They are also 

much more transparent in the infrared (IR) range than ITO which makes them more suitable for 

multi-junction solar cells and other applications where transparency in the IR is required. A 

solution of nanowires can be deposited in atmosphere using simple and inexpensive deposition 

methods like spin coating [16], spray coating [17], and Meyer rod coating [15]. Furthermore, silver 

nanowire films can be fabricated either at room temperature [18], or at low annealing temperatures 

[15], which make them compatible with plastic substrates in producing flexible electrodes. Silver is 

chosen because it has the highest conductivity amongst all metals.  Although silver is an expensive 

element, so little of it is used in a nanowire film that material costs are lower than ITO. Figure 1.3 

compares the transparency vs. sheet resistance of silver nanowire electrodes with other 

alternatives. So far, silver nanowire electrodes show superior performance compared to graphene 

and carbon nanotubes. 
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Figure 1.3 Transmittance as a function of sheet resistance for four alternative materials: graphene, single wall carbon 

nanotubes (SWNT), copper nanowires (CuNWs), and silver nanowires (AgNWs) [19]. 

 

Films of copper nanowires are also being investigated as a transparent conductor since copper is 

cheaper than silver and its conductivity is nearly as high. Reported copper transparent electrodes 

show superior performance than carbon nanotube films, but not as good as silver nanowire films 

and ITO [20]. The main concern of using copper nanowires is their instability in air due to the fact 

that copper quickly reacts with atmospheric oxygen. Thus, during the annealing step of copper 

nanowire electrode fabrication, they have to be annealed in a neutral atmosphere like a hydrogen 

tube furnace or vacuum furnace, which increases the complexity of fabrication, and they also likely 

need to be well passivated to prevent oxidation during the use of the electrodes [21]. 

1.3 Synthesis of silver nanowires 

The polyol method is a cheap and simple method of synthesizing high quality silver nanowires in 

solution. In this method, a solution of ethylene glycol (EG), poly (vinyl pyrrolidone) (PVP) and 

NaCl is heated to 170 ᵒC and a mixture of AgNO3 and EG is gradually added. Adding AgNO3 to 
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the solution leads to the creation of Ag+ ions which results in the formation of nanoparticles [22]. 

The PVP has a strong interaction with the {100} facets and passivates them; this slows down the 

addition of silver onto these surfaces of the nanoparticles. The interaction of PVP with {111} 

facets, however, is weaker. Thus, {111} facets grow faster [22] which results in a 1D wire structure. 

The polyol method results in crystalline silver nanowires with a pentagonal cross-section, with 5 

twin-planes extending along the length of the nanowire as shown in Figure 1.4. The nanowires are 

oriented along the [100] direction, the sidewalls are {100} planes, and two ends of the nanowires 

are bounded by {111} facets [23]. 

 

Figure 1.4 Schematic illustration of silver nanowires grown in solution by the polyol method [23]. 

1.4 Characteristics of transparent electrodes 

1.4.1 Transmittance 

When light encounters an object, the incident light can be transmitted, absorbed or reflected. The 

ratio of transmitted light to incident light is defined as the transmittance of the object, typically 

stated in a percentage. The transmittance of an object can vary in response to the wavelength of 

the incident light. Thus, when transmittance of an object is reported the corresponding wavelength 

needs to be mentioned. All transmittances stated in this report are at 550 nm and in reference to 

the substrate (i.e. do not include the transmittance of the glass or plastic) unless otherwise stated. 

The total transmittance consists of two parts: specular (or direct) and diffusive  

(forward scattered). Specular transmittance represents the transmitted light travelling in the same 
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direction as the incident light. This transmittance can be measured using the default setup of a 

spectrophotometer, where the detector is placed behind the object in-line with the source of the 

light. Figure 1.5 shows a schematic set up of a spectrophotometer for measuring specular 

transmittance. Diffusive transmittance represents transmitted light scattered by the object. To 

measure this portion, an integrating sphere is needed, which collects all transmitted light including 

diffusive and specular. A schematic of such an integrated sphere is illustrated in Figure 1.6. 

 

 

Figure 1.5 Schematic set-up of a spectrophotometer for measuring specular transmittance. 

 

Figure 1.6 Set-up of using an integrating sphere to measure both diffusive and specular transmittance [24]. 

 

For samples such as plain glass and ITO electrodes, diffusive transmittance is not significant since 

they scatter very little light. However, silver nanowire electrodes do scatter a portion of the incident 

light. The haze factor is defined as the ratio of the diffusive transmittance to specular transmittance. 

High haze is not good for display applications since it can blur sharp lines. However, high haze, 

which means that there is more scattered light, can benefit solar cell applications by increasing the 
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path length of the incoming light in the absorbing layer of the device, thereby increasing absorption 

and power conversion efficiency. The haze factor of silver nanowire electrodes can be less than 

2% and higher than 30% depending on the size and density of the nanowire [25]. Therefore, for any 

applications the haze factor can be managed by controlling the material properties. 

1.4.2 Sheet resistance 

Resistivity is one of the elementary parameters of a conducting material. The symbol ρ with the 

units Ω•cm represents the resistivity of a material. Resistance is related to resistivity through: 

𝑅 = 𝜌
𝐿

𝑊𝑡
, 

where L is the length of the sample along which the current flows, and W and t are the width and 

thickness of the sample. 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 =
𝜌

𝑡
 

So,  

𝑅 = 𝑅𝑠

𝐿

𝑊
 

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

the conducting surface area. Figure 1.7 shows a top view of two resistors with the same sheet 

resistance. Although their sizes are different, the numbers of drawn squares are equal. Thus, the 

total resistance for both resistors is the same. 
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Figure 1.7 Two resistors with the same sheet resistance and total resistance. 
 

Sheet resistance of thin films is usually measured with a 4-point probe measurement method. The 

schematic of the 4-point probe measurement set up is shown in Figure 1.8. In this method, 4 inline 

probes touch the films with same spacing (s), the two outer probes are used to apply a current 

which induces a voltage (V) across the two inner probes. By measuring the induced voltage, the 

resistivity and sheet resistance of the films can be calculated using the following equations: 

𝜌 = 2𝜋𝑠 
𝑉

𝐼
 [Ω ∙ 𝑐𝑚] 

 

𝑅𝑠 =  
𝜋

ln 2

𝑉

𝐼
=  4.53

𝑉

𝐼
 [

Ω

𝑠𝑞
] 

 

 

The 4-point method is suitable for uniform films which enables evaluating electrical properties 

independent of their thickness. However, for nanowire network films this method is not ideal since 

this film is not uniform. Measuring sheet resistance of the random network at a localized area does 

not show the electrical properties of the entire film. Particularly, because the nanowires are 

randomly distributed over the substrate, the number of nanowires in contact with the probe will 
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vary depending on where exactly the probe is located.  One solution to determine the average sheet 

resistance of the nanowire film is to probe different areas and take the average of the measured 

values. Another method to evaluate the average sheet resistance of the film is to use regular 2-

point probe measurement using a multimeter. In this case metal contacts at two edges of a sample 

are connected to a multimeter to measure the resistance of the film. Then the sheet resistance can 

be calculated by multiplying the resistance by the ratio of width to the length of the sample (W/L). 

The resistance of the tape is 0.005 which is 3 orders of magnitude lower than the resistance of the 

nanowire film, and thus the 2-probe method is a good approximation. Indeed, results showed that 

the numbers from two-point measurement method is close to the average of 4-point probe numbers. 

Therefore, the 2-point probe measurement can be used to determine the sheet resistance of the 

nanowire networks where average sheet resistance of the film is desired.   

 

 

Figure 1.8 schematic of 4-point probe measurement set up. 
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1.4.3 Roughness parameters 

Atomic force microscopy (AFM) can be used to understand the topographic properties and surface 

roughness of transparent electrodes. The common surface roughness parameters are average 

roughness, root-mean-square, and peak-to-valley. Figure 1.9 shows an example of an AFM line 

scan which shows the sample height along a line on the sample. 

 

Figure 1.9 Example of an AFM line scan of a silver nanowire electrode. 

 

Average roughness (Ra) is the most commonly used parameter to report the surface roughness and 

is easy to measure. This is defined as the average of the absolute height values (y-axis), with 

respect to the mean line, and can be shown as [26] : 

𝑅𝑎 =
1

𝐿
∫ |𝑌(𝑥)|

𝐿

0
𝑑𝑥   or    𝑅𝑎 =  

1

𝑛
 ∑ |𝑌𝑖|𝑛

𝑖=1  

Root mean square, known as RMS, is another important parameter that is used to describe the 

surface roughness. This parameter is more sensitive to large deviations of the heights. In this 

case the mean line is where the sum of the squares of the height values are equal to zero. The 

mathematical expression for RMS is [26] : 
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𝑅𝑀𝑆 =  √
1

𝐿
∫ [𝑌(𝑥)]2𝑑𝑥

𝐿

0
   or   𝑅𝑀𝑆 =  √

1

𝑛
 ∑ |𝑌𝑖|2𝑛

𝑖=1    

Maximum peak to valley is also an important parameter, especially for electrodes used in thin 

film devices, which shows the maximum distance between the highest and the lowest point in 

one scanned line or area [26]. In the case of thin film electronics, if the thickness of the layers 

between the electrodes is smaller than the peak-to-valley value of the electrodes, there is a high 

chance of creating an electric short across the device which can lead to device failure.  

1.5 Silver nanowire electrode applications 

Solar cells 

Transparent conductive electrodes have many device applications, as mentioned above. Organic 

solar cells have been the most reported device for which silver nanowire electrodes have been 

used. Nanowire electrodes have several unique advantages for solar cells: (i) Nanowire films 

generally forward scatter more light compared to ITO films which results in increased light 

absorption and leads to higher efficiency[27]. (ii) Nanowire films are mechanically flexible whereas 

ITO is brittle. (iii) Nanowires can be easily deposited on plastic, whereas the deposition parameters 

for ITO must be modified to meet the low thermal budget of plastics and therefore the properties 

of ITO are worse on plastic than glass. (iv) The fabrication cost of the nanowire electrodes is lower 

than that of ITO. (v) Silver nanowire films are transparent in the infrared range of the light 

spectrum (chapter 2.2), which can be useful for multi-junction solar cells. 

Film heaters 

Transparent heater films are another application of transparent electrodes which can be used in 

applications such as window defrosters, maintaining the required temperature for liquid crystal 

display operation, goggle defrosters, and various military and medical applications. ITO thin film 

heaters are commercially available on the market. However, as will be mentioned later, because of 
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the disadvantages of ITO like high cost and brittleness, researchers are trying to introduce new 

transparent heaters based on other alternative materials.  

OLEDs 

Transparent conductive electrodes are also a necessary component in organic light emitting diodes 

(OLEDs). Some research groups have integrated silver nanowire films into OLEDs and showed 

improvement in electroluminescence of the OLEDs compared to ITO-based OLEDs [28].  

Touch panels 

Touch panels need two layers of transparent conductive film. Recently 3M Company has 

introduced a new generation of conductive films for touch screen applications based on silver 

nanowire networks [29].  

Smart windows 

Electronically switchable windows, or “smart windows”, enable alteration of their optical 

properties (transparency, translucency) with an applied electric field. There are currently three 

different technologies used to fabricate optoelectronically active components for smart window 

technology: chromic materials, suspended-particles, and polymer dispersed liquid crystals 

(PDLC)[30]. All of these technologies need to use two films of transparent electrodes. Like most 

devices, ITO is the most commonly used transparent electrodes in smart windows. Alternative 

materials that were mentioned above have been explored to replace ITO films in smart windows. 

For example, carbon nanotube films have been used in electrochromic smart windows. However, 

these electrodes cannot reach the same transmittance as ITOs at a given sheet resistance [31]. Other 

materials such as conductive polymers (PEDOT:PSS) and Ag grids have also been integrated into 

electrochromic devices. However, the performance of theses device such as their transmittance is 

lower than that of the ITO based device. In addition, the PEDOT:PSS is known to have low 
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stability in air [32]. Silver nanowire electrodes have been integrated into electrochromic devices 

and showed acceptable performance for flexible and stretchable devices[33]. In this thesis, silver 

nanowires are integrated into PDLC smart windows for the first time and the results are compared 

with ITO based devise which is discussed in chapter 5.   

1.6 Silver nanowire electrode challenges 

1.6.1 Surface roughness and weak adhesion 

In spite of all the advantages of nanowire electrodes, there are certain issues that need to be 

addressed before their widespread use in devices. One of these most important issues is their 

surface roughness. Because there are typically junctions on an electrode where 3 or more 

nanowires are stacked on top of one another, maximum peak-to-valley values can reach 3 times 

the diameter of the nanowires or more [34,35]. 90 nm diameter nanowires are commonly used, and 

so these electrodes have peak-to-valley values around or exceeding 270 nm. This is problematic 

for many devices, especially ones that consist of thin layers. In organic electronic devices, for 

example, the low electron mobility and fast recombination times require organic layers to be less 

than 100 nm thick (typically 40 – 80 nm depending on the device and materials used) [35,36]. Several 

reports where silver nanowire electrodes have been used in organic solar cells have reported lower 

efficiencies than equivalent devices built on ITO. The rough surface of the nanowire electrodes 

causes a lower shunt resistance, which hinders the efficiency of the solar cells [37–39]. The roughness 

also leads researchers to use a thicker layer of poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) than is typically used on ITO-based devices [38]. This thicker 

layer decreases transparency and therefore also reduces efficiency. Other methods to reduce 

surface roughness include depositing a non-conductive polymer layer over the nanowire film 
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followed by peel-off to expose the nanowire surfaces, and pressing nanowires on their substrate. 

More details of the possible methods and the results are discussed in chapter 3.   

Weak adhesion of nanowires to the substrate is another important issue. Without any special 

processing, scratches or shear stresses on the surface can easily wipe the nanowires from the 

surface [40]. The proposed methods discussed above to reduce the surface roughness can also 

significantly increase the adhesion of the nanowire to their substrate. For example, adding an 

additional layer on top of the nanowire film can increase the nanowire’s adhesion drastically [41].  

As a part of my PhD program, I developed a simple method of minimizing the surface roughness 

and increase the adhesion of silver nanowire films on plastic substrates.  This is reported in 

chapter 3. 

1.6.2 Instability of silver nanowire electrodes 

Another major concern of silver nanowire transparent electrodes is their instability in air, at 

elevated temperatures, and under current flow. Silver nanowires corrode in air by reacting with 

small amounts of sulfur and creating silver sulfide on the surface [42][43]. In addition, nanowires are 

not stable structures and at elevated temperatures (above 200 °C)  their instability is accelerated 

and the cylindrical shape of the nanowires change to spheres [44]. The change of the nanowires 

from cylinder to spheres is called spheroidization. This morphological instability is related to 

Rayleigh instability or so called capillary instability. Atoms start moving to minimize the surface 

energy of the  nanowire cylinder [45] and a perturbation wave is formed. If this wavelength of this 

wave increases more than an specific number 𝜆0 = 2𝜋𝑅0, where R0 is the initial diameter of the 

nanowire, the nanowire become unstable [46]. This wave creates a stress in the nanowire and make 

curvatures that results in formation of the spheres. The wavelength of the perturbation wave is 
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smaller for smaller diameter nanowires. This means that the spheroidazation in nanowires with 

smaller diameter happens faster due to higher stress in the nanowires. The effective parameters on 

the time for spheroidization can be explained by the following equations[44,46,47]: 

𝜕𝑛

𝜕𝑡
= 𝐵

𝜕2 𝐾

𝜕𝑠2  , 𝐵 =
𝐷𝑠  𝛾Ω2𝜈

𝐾𝑇
 , 𝐷𝑠 = 𝐷0exp (−

𝐸𝑎

𝐾𝑇
)                    (1) 

𝜕𝑛

𝜕𝑡
 is the motion of the surface with respect to time that represents the surface flux of the atoms. 

This depends on the 
𝜕2 𝐾

𝜕𝑠2 
 , which is the change in curvature of the surface, and the parameter B, 

which depends on temperature (T), surface self-diffusion (𝐷𝑠), surface tension (𝛾), atomic volume 

(Ω), number of diffusing species per unit surface area (𝜈), and the Boltzmann constant (K). Using 

this equation, the time for complete spheroidization (𝜏) was calculated as[44]: 

𝜏 =  
𝐵𝑡

(
𝜋

16
𝑟)4

               (2)     

This equation shows that (i) the spheroidization happens faster for nanowires with smaller 

diameters (ii) spherodization is accelerated at elevated temperatures (iii) surrounding environment 

of nanowires such as the substrate and the gaseous around the nanowire affect the speed of 

nanowire deformation. By changing the environment parameters including the surface self-

diffusion, activation energy (Ea) will change and affect the spherodization rate. For example, 

annealing nanowires in air, nitrogen, or hydrogen will lead to different time to spheroidization due 

to the different self-diffusion and activation energy values. This shows that the stability of the 

nanowire can be improved by treating the surface of the nanowires. It will be shown in chapter 4 

that deposition of a reduced graphene layer on silver nanowire can increase the stability of the 

nanowires at elevated temperatures.  
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1.7 Outline of this thesis 

This thesis consists of five main parts: First, silver nanowire electrodes are fabricated and 

characterized (Chapter 2). Second, the hot rolling of nanowire electrodes is presented as a method 

of reducing the surface roughness of the electrodes (Chapter 3). Third, the instability of the 

nanowires under current flow and the effects of Joule heating are investigated. In addition, the 

effects of a passivation layer of reduced graphene oxide (RGO) on the lifetime of the electrodes 

are discussed (Chapter 4). Fourth, the fabricated nanowire electrodes on PET are integrated into 

smart windows and 3D thin film solar cells (Chapter 5). Fifth, a simple method of growing silver 

chloride (AgCl) nanocubes on silver nanowires are proposed for photocatalytic and sensor 

applications (Chapter 6). Lastly, the results of my research and future plans are summarized in 

Chapter 7. 
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Chapter 2                                                       

Fabrication of nanowire electrodes 

In this chapter, the fabrication process of silver nanowire electrodes is discussed. Silver nanowires 

are deposited on a substrate using the Mayer rod coating method, and their optical and electrical 

properties are reported. 

2.1 Silver nanowire electrode fabrication 

Silver nanowires synthesized by the polyol method (discussed in Ch 1.3) can be dispersed in water 

or an alcoholic solvent such as isopropyl alcohol (IPA), ethanol or methanol. They can be 

deposited as films using various solution deposition methods such as spin coating [48], spray coating 

[17,49], and rod coating [50–52]  . Spin coating is the most popular deposition method of depositing 

nanowire films for lab-scale samples due to its simplicity. However, for large-scale fabrication, 

other methods like spray coating, and Mayer rod coating are more suitable and used more 

frequently in industry. Since transparent electrodes need to be fabricated on a large-scale 

eventually, the Mayer rod coating method was selected for nanowire deposition in this work.  It is 

compatible with roll-to-roll techniques and is a standard deposition method used in industry [53]. 

This method is inexpensive and easy to use; just one wire-wound rod is enough for fabrication so 

there is no need for any complex equipment. Moreover, using this method the solution is 

distributed uniformly on the substrate. Figure 2.1 shows the schematic deposition process. In this 

method an ink (silver nanowire solution) is dropped on one side of the samples and then a Mayer 

rod is rolled over the ink on the substrate and along the rest of the substrate. The thickness of the 

deposited solution is determined by the diameter of the wire that is wound around the main rod.  
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The density of the nanowires in the electrode was controlled both by the concentration of the 

nanowire solution and the number of layers deposited 

 

Figure 2.1 Schematic of silver nanowire deposition using the Mayor rod method. 

After nanowire deposition, the film was dried in air. Nanowire films on glass substrates were 

annealed at 200 °C for 30 minutes to get maximum conductivity by sintering the nanowire 

junctions. However, samples on plastic were annealed at 100 °C for 30 minutes to avoid any 

deformation of the plastic substrate. Figure 2.2 shows an image of annealed nanowires on a glass 

substrate. 

 

 
Figure 2.2 (a) Fabricated silver nanowire transparent electrode with a sheet resistance of 12 Ω/sq.  (b) SEM image of 

a film consisting of 90 nm diameter silver nanowires on a glass substrate. 

In this work, silver nanowires dispersed in ethanol were purchased from Blue Nano Inc. 

(Charlotte, NC) with average diameters of 35 and 90 nm and average lengths of 15 µm and 20 µm, 
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respectively. Both plastic and glass films were used as electrode substrates. Heat stabilized PET 

film with a thickness of 127 µm was purchased from Dupont Tianjin Inc. and glass slides were 

purchased from Fisher Scientific Inc. An appropriate size of the nanowire was selected for each 

study based on their applications. In chapter 3, where surface roughness is critical, nanowire with 

smaller diameter (35 nm) was used to achieve lower surface roughness (the results for 90 nm 

diameter nanowire is also reported). For Joule heating and stability purposes in chapter 4, 

nanowires with 90 nm since they are more stable and morphological changes on the nanowire are 

more visible on larger nanowires. For device application in chapter 5, nanowires with 35 nm 

diameters was choose since they result in a more uniform nanowire distribution on the substrate. 

The smaller distances between nanowires in the film provides a more uniform electric field for 

smart windows and is more useful in collecting charges in solar cells. In chapter 6, nanowires with 

various diameters were used to study the effect of nanowire diameter on formation of nanocubes.  

 

2.2 Characterizing electrodes 

2.2.1 Sheet resistance and transmittance in the visible range 

The most critical characteristics of a transparent electrode are its sheet resistance and 

transmittance. Sheet resistance was measured with either a 4-point probe machine or a multimeter. 

In the latter method, sheet resistance is calculated by multiplying the measured resistance by the 

width to length ratio (W/L), according to the definition of sheet resistance. Both methods were 

used on several samples and the measured sheet resistances were very similar.  

Transmittance of the electrodes was measured with a UV-2501PC Shimadzu spectrophotometer. 

Two samples with different sheet resistances and transmittances were prepared on glass substrates 
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by controlling the number of deposited layers, and both their specular and total 

(diffusive + specular) transmittances were measured for comparison. Figure 2.3 shows the spectra 

of the samples including the glass substrate. A higher concentration of silver nanowires on the 

substrate results in lower sheet resistance and transmittance. In addition, as illustrated in Figure 

2.3, higher concentration (i.e. lower sheet resistance) results in a higher proportion of the incident 

light being scattered. In this case, the sample with a sheet resistance of 65 Ω/□ scatters about 6% 

of the incident light. However, this amount increases to more than 10% for the sample with a sheet 

resistance of 12 Ω/□.  

 
Figure 2.3 Transparency vs. wavelength of two silver nanowire transparent electrodes including the glass substrates 

(transmittance of the plain glass is 91% at 550 nm). 

 

2.2.2 Transmittance in the infrared range 

Unlike transparent conductive oxides, in which transparency drops significantly for wavelengths 

above 1000 nm, silver nanowire films transmit most of the light in the infrared (IR) range. 

(specular + diffusive) 

(specular) 
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Figure 2.4 shows the transmittance of a silver nanowire film with a sheet resistance of 20 Ω/sq on 

plastic for wavelengths ranging between 1300 nm to 10,000 nm, taken with a Fourier transform 

infrared spectroscopy (FTIR) spectrometer. According to the results, the transmittance of the silver 

does not drop significantly in the infrared range. Transmittance of the same nanowire film in the 

visible range (at 550 nm) is 87%. Transparency in the IR is desired for some applications such as 

smart windows where heat modulation is desired. Also in multi-junction solar cells, transparency 

in the IR range is beneficial for harvesting a larger portion of the sunlight spectrum. It is worth 

mentioning that the IR transparency plot (Figure 2.4) is a preliminary result to show that the electrode 

is transparent in the IR range. Most of the oscillations are likely due to noise in the measurement. 

Similar plots in other reports are not as noisy [50]. 

 
Figure 2.4. Transmittance of the silver nanowire film in the infrared (excluding the substrate).  
 

2.3 Cost of nanowire electrodes 

The material cost to synthesize silver nanowires in the lab is $32.58/g  [21]. The cost per gram of 

ITO is much less expensive, at $2.40/g [54].  However, much smaller amounts of silver are used in 

a nanowire electrode compared to the amount of ITO used in an ITO electrode.  To calculate the 
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material cost of the silver nanowire electrodes, several SEM images were taken of a silver 

nanowire electrode with a sheet resistance of 50 Ω/sq. The images were analyzed using “ImageJ” 

software to calculate the surface coverage (Figure 2.5). This is first done by first changing the 

greyscale image into a black and white binary image. The white pixels for the most part represent 

the nanowire coverage, and the black pixels represent the background. The ratio of the white pixels 

to total pixels determines the surface coverage of the nanowires. The mass of silver nanowires in 

the 50 Ω/sq case was calculated to be 0.02 g/m2. This corresponds to a material cost for film 

formation of $0.70/m2. The materials cost of a 50 Ω/sq ITO electrode, on the other hand, is 

approximately $1.60/m2, assuming a required ITO film thickness of 100 nm [55,56] which would 

require 0.6 g of ITO per square meter [57]. The fabrication cost of ITO is estimated to be $1.10/m2 

[58] which needs high temperature and vacuum. Silver nanowire electrodes are deposited using 

solution deposition methods, do not need vacuum and can be done at room temperature, making 

its deposition relatively easy compared to the fabrication process of ITO. An estimate of the 

fabrication cost of nanowire electrodes is not available. Although it is likely cheaper than the 

fabrication cost of ITO, capital costs of equipment that differ from those used to deposit ITO may 

need to be taken into consideration.  
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Figure 2.5 (a) SEM image of a silver nanowire network. (b) Binary black and white image made using ImageJ to 

calculate nanowire surface coverage and therefore cost. 

2.4 Data comparison 

As mentioned, several alternatives have been introduced for ITO replacement. One of the most 

important properties that an alternative needs to have is compatibility with flexible substrates. 

Figure 2.6 and Table 2.1 compare the characteristics, pros and cons of my silver nanowire 

electrodes on plastic (PET), fabricated with the method described in the next chapter, with the best 

results that are reported with the alternative materials and commercial ITO-coated PET (excluding 

their substrate). The ITO-coated PET has higher sheet resistance at a given transparency compared 

to ITO on glass due to lower deposition temperature for plastic substrate. Because high 

transparency and low resistance is desired, the closer the data points are to the top left corner, the 

better. Results indicate that the silver nanowire transparent electrodes have better performance 

than the competing alternative materials and commercial ITO-coated PET. Although the results of 

patterned Ag grids look promising, their fabrication method is complicated and not compatible 

with roll-to-roll processes.    
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Figure 2.6 Transparency (at 550 nm) versus sheet resistance for several transparent electrode materials. The data for 

the silver nanowire electrodes are from my own experiments and the remainder of the data in the plot is from [59–61]. 
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Table 2.1 Comparison of alternative transparent electrode material properties.  
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Chapter 3                                              

Minimizing surface roughness of 

the electrodes 

A simple method of minimizing the surface roughness of the electrodes is presented in this chapter. 

Hot rollers are used to simultaneously soften plastic substrates with heat and mechanically press 

the nanowires into the substrate surface, which both decreases the surface roughness and increases 

the adhesion of the nanowires to the substrate. Much of the results of this chapter were published 

in the journal “Nanoscale Research Letters” in June 2014 [52]. 

3.1 Introduction 

The rough surface of nanowire electrodes is a serious challenge for their integration into thin film 

electronics where the thickness of the film between the electrodes is less than a few hundred 

nanometers. In addition, the weak adhesion of the nanowires to their substrate is an issue that 

makes difficulties in their handling and make them sensitive to scratches, rubbing and shear 

stresses.  

Several papers in the literature have addressed the roughness and adhesion issues of nanowire 

electrodes. Solutions fall into three general categories. The first involves using a transparent 

conductive material to fill the spaces between the nanowires [34,38,62–64]. Gaynor et al. pressed silver 

nanowires into a layer of the transparent conductive polymer (PEDOT:PSS) to decrease the 

root-mean-square (RMS) surface roughness to 12 nm and maximum peak-to-valley values to 

around 30 nm [63]. Choi et al. instead deposited the PEDOT:PSS layer on top of the nanowire film 
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to achieve an RMS roughness of 52 nm [34]. Chung et al. alternatively used ITO nanoparticles to 

fill the spaces between the wires and reduced the RMS roughness to 13 nm and the maximum 

peak-to-valley to below 30 nm. In the latter paper, polyvinyl alcohol (PVA) was also added to the 

ITO nanoparticle solution to increase the adhesion of the nanoparticle/ nanowire film to the 

substrate [64]. The downside of all these approaches is that to significantly reduce surface 

roughness, the required thickness of the conductive material needs to be at least 3 times the 

diameter of the nanowires. At these thicknesses there is a reduction in the electrode transparency 

and consequently the efficiency of the devices due to the limited transparency of the conductive 

materials [38]. 

The second category to reduce roughness is to deposit a transparent but non-conductive polymer 

on top of the nanowire film [41,65–67]. This allows a material that is more transparent than 

PEDOT:PSS or ITO to be used. Using an optical adhesive in this manner, Miller et al. reduced the 

RMS roughness of silver nanowire films to 8 nm and there was only a 2% change in sheet 

resistance after an adhesion test[41]. Zeng et al. buried silver nanowires in PVA to reduce the 

surface RMS to below 5 nm and increase adhesion of the nanowires to the substrate [67]. However, 

because the polymers used are not conductive, in all these studies the nanowire/polymer composite 

must be peeled off the original substrate to expose the conductive nanowire-mesh surface, which 

adds a complex manufacturing step. Although not reported in the literature (to our knowledge), 

the nanowire film could instead be pressed into a transparent non-conductive polymer, to avoid 

the peeling step. This technique however would still be less than ideal as an extra polymer layer 

would still add manufacturing complexity and some devices may not be compatible with the 

polymer used. 
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The third category to reduce nanowire electrode roughness is to avoid using an additional polymer 

and instead press the nanowires into the plastic substrate itself (usually polyethylene terephthalate, 

PET)[18,68] .Tokuno et al. mechanically pressed silver nanowire films on PET at room temperature 

[18]. The resulting RMS surface roughness was 18 nm, which is still quite high. Hauger et al. added 

to this process by applying heat during pressing to soften the PET substrate [68]. In this latter paper, 

silver nanowire films on PET were placed face-down on a 165 ⁰C stainless steel sheet, and then a 

rod was rolled over the backside of the substrate. This temperature is very high for most fabrication 

processes and is sensitive to the speed of the rolling. Longer exposure of the nanowires to high 

temperature can lead to deficiencies in the electrode after rolling. The resulting RMS surface 

roughness of the rolled electrodes was 27 nm, which is not as smooth as what other methods were 

able to achieve. After an adhesion test, which was done by applying and then peeling off a piece 

of scotch tape, the sheet resistance of the electrodes increased more than four times. This level of 

adhesion is not acceptable for commercial applications. Furthermore, the high temperature used is 

not compatible with most plastic substrates, and the maximum peak-to-valley values, which are 

more important than RMS values in regards to electrical shorts or shunting, were not reported.  

The above proposed methods are either not cost effective, make the fabrication process more 

complex, or the final surface roughness is not sufficient for thin film applications. I developed a 

simple method of minimizing surface roughness of the electrodes which is compatible with 

roll-to-roll processes and also provides sufficiently low surface roughness. Compared to the similar 

study [68], the proposed method was done at a lower temperature, which is suitable for industrial 

processes, and lower surface roughness and higher adhesion was achieved.  
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3.2 Experimental 

Silver nanowires dispersed in ethanol were purchased from Blue Nano Inc., Charlotte, North 

Carolina, with an average diameter of 35 nm and an average length of 15 µm. Heat stabilized PET 

film with a thickness of 127 µm was purchased from Dupont Tianjin Inc. The PET film had an 

RMS roughness of 2 nm. Films of silver nanowires were deposited uniformly on 5 cm x 5 cm PET 

substrates using the Mayer rod coating technique [7,15,69] and then rinsed with acetone to remove 

the polyvinylpyrrolidone (PVP) layer on the nanowire surfaces which was left over from the 

nanowire synthesis process. In this method, hot-rollers are used to apply heat and mechanical 

pressure at the same time on the silver nanowires electrodes on PET. Pressing was done with a 

hot-rolling press (MSK-HRP-01, MTI Corporation, (Figure 3.1a). Different spacing between the 

two rollers were tried and 60 μm was found to the highest spacing that make the nanowire adhere 

to the PET without deforming the substrate. The rolling speed of 5 mm/s allowed enough time for 

the substrate to heat up and soften during rolling. Figure 3.1b shows the schematic of the 

hot-rolling process. As reference samples, some electrodes were not pressed but instead annealed 

in a furnace at 100 ⁰C for 30 minutes, which is a common way of preparing silver nanowire 

electrodes [15,39]. To test the adhesion of silver nanowire before and after the rolling process, a 

scotch tape test was used which is a common method of evaluating the adhesion of nanowires to 

their substrate [15,69,70]. A scotch tape was applied on the samples and after pressing them on the 

substrate by hands the tape was peeled off slowly. The resistance across the sample was measured 

before and after the test using 2-probe multimeter. 

 



33 

 

 

Figure 3.1 (a) Rolling machine (b) schematic of the hot-rolling process  

3.3 Minimizing surface roughness 

3.3.1 Rolling process 

To determine the combination of processing steps which lead to the lowest surface roughness, 

samples post-processed in various ways were prepared. Sheet resistance, surface roughness 

(RMS), peak-to-valley values and tape test results are tabulated in Table 3.1 for the various 

samples. The first sample (S1) was annealed at 100 °C for 30 minutes, a common post-deposition 

treatment for silver nanowire electrodes. Rolling silver nanowire electrodes at room temperature 

instead (S3) decreased the sheet resistance of the electrodes to the same extent as annealing. In 

addition, however, rolling the electrodes at room temperature decreased the surface roughness of 

the samples and increased the silver nanowire adhesion to their substrate drastically. The results 



34 

 

show that the annealing the samples before room temperature rolling did not have significant effect 

on sheet resistance and surface roughness of the samples (S2).  The sample S4 was rolled at 80 °C 

without any protective PET layer on top of the nanowire film. Because the surfaces of the metal 

rollers are relatively rough, this leads to an uneven pressure which deforms the substrate and make 

groves on it, as shown in Figure 3.2. When a smooth dummy PET film was placed between the 

nanowire film and the roller as a protective film, most of the nanowires were peeled off the 

substrate after removing the protective film. To solve this problem, the silver nanowires film was 

first rolled at room temperature. In this step the applied pressure pushed the overlapping nanowires 

together and the surface roughness of the electrodes was reduced to 11 nm (RMS). This indicates 

that the most of the nanowires have been fused together. In addition, the tape test results showed 

(Table 3.1) that the adhesion of the nanowire to their substrate has been improved drastically and 

the sheet resistance of the electrodes remained almost unchanged after the test. After stabilizing 

the nanowire network on their substrate in the next step the electrode was hot rolled at 80 °C with 

a protective PET film on top (S5). The presence of the smooth protective layer on top helps apply 

more uniform pressure on the film and prevent unwanted deformations and scratches on the 

electrodes. The heat results in the softening of the underlying plastic substrate while the 

mechanical pressure pushes the silver nanowires into the surface of the softened substrate. 

Therefore, two-step rolling, at room temperature and hot rolling, was selected as the best method 

to achieve the minimum surface roughness without damaging the substrate and keeping the 

nanowire film intact.  
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Table 3.1 Silver nanowire electrodes processed using various combination of methods to decrease surface roughness 

and improve adhesion 

Sample Annealed RT 

Rolling 

Hot 

Rolling 

(80⁰C) 

Sheet 

resistance 

(ohms/sq) 

RMS 

(nm) 

Peak-to-

valley 

(nm) 

% Rs 

change after 

tape test 

S1 X - - 22 14 >90 510 

S2 X X - 19 10 50 2 

S3 - X - 22 11 60 2 

S4 - - X 20 10 >100 20 

S5 - X X 14 7 <30 >1 

 

 

Figure 3.2 AFM images of the silver nanowire electrode (a) annealed and then rolled at room temperature (S2), (b) 

rolled only at room temperature (S4), and (c) hot rolled at 80 °C (S4). 

 

3.3.2 Rolling temperature 

Nanowire electrodes were rolled at room temperature only, and then at 60, 80, and 100 °C after a 

first room temperature press to find the optimum rolling temperature. The rolling temperature 

needs to be high enough to soften the plastic substrate so that the nanowires can be embedded into 

the surface of the PET. As shown in Table 3.2, rolling at 60 °C led to similar surface roughness 
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compared to room temperature rolling only. The rolling temperature of 80 °C was the optimum 

temperature that led to minimum surface roughness which is near the glass transition temperature 

of the PET films (75-80 °C). At this temperature the tensile modulus of the PET drops and the film 

become softer. Increasing the temperature above the glass transition temperature made the 

substrate too soft and led to permanent deformation. The surface roughness the hot-rolled samples 

at 100 °C increased compared to rolling at 80 °C, since the substrate was deformed. These results 

show that hot-rolling plastic substrates around their glass transition temperature is the most 

effective temperature for embedding nanowires, and should be able to be applied to other plastic 

substrates. 

 

 

Table 3.2 Rolling silver nanowire electrodes at different temperatures. The rms roughness of these samples was 

14 nm before rolling. 

Rolling temperature RMS (nm) 

RT 9 

60⁰C 8.5 

80⁰C 7 

100⁰C 10 

 

3.3.3 Hot rolling vs annealing results  

Figure 3.3 shows SEM images of an unpressed, annealed reference sample and a hot-rolled 

electrode. It can be seen that the hot-rolled nanowires are pushed into the substrate with the 

nanowires remaining at the surface so that they can contact a device layer above it.  The annealed 

electrode had a sheet resistance of 22 Ω/sq with a specular transparency of 93% at 550 nm, while 
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the hot-rolled electrode with the same density of nanowires had a sheet resistance of 14 Ω/sq, with 

91% transmittance. Figure 3.3b indicates that hot-rolling fuses overlapping wires into each other; 

it appears that the nanowire junctions in the image have been flattened and the AFM results (Fig 

3.4d) confirms that the height of a junction of five nanowires has been reduced to the height of a 

single nanowire. This process lowers the resistance of the nanowire junctions and explains the 

35% lower sheet resistance of the hot-rolled electrodes. In contrast, the junctions on the annealed 

sample are not completely welded; an annealing temperature higher than 100 ⁰C cannot be used 

because of the plastic substrate. The hot-rolling process did not have a significant effect on the 

mechanical properties of the film and the orientation of the nanowires stayed the same after the 

process. The transparency of the hot-rolled electrode was slightly lower than that of the annealed 

one, which may be due to the slight flattening of the nanowires. However, the embedded nanowires 

in the substrate are not expected to change the optical properties of the film significantly. The sheet 

resistance and transparency of the hot-rolled electrodes match those of ITO electrodes on glass 

substrates [71] and are superior to ITO-coated plastic [72–74]. 
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Figure 3.3 SEM images of tilted (45⁰) silver nanowire films on PET after (a) annealing and (b) hot-rolling. (c) SEM 

image of a tilted (85⁰) hot-rolled electrode, which shows that the nanowires are embedded in the substrate surface. 

 

Atomic force microscopy (AFM) was used to measure surface roughness and peak-to-valley 

values were extracted from line scan data collected by Gwiddion software. Figure 3.3 shows the 

AFM images of an annealed electrode and a hot-rolled electrode, with representative line scans 

underneath. The surface roughness of the hot-rolled electrodes dropped 50 percent compared to 

that of the annealed sample to 7 nm, and the maximum peak-to-valley height was reduced to less 

than 30 nm. In addition, the line scan results show (Fig 3.4d) that the height of a single nanowire 

was reduced to 8-16 nm which shows that the nanowires have been embedded more than half of 
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their diameter into their substrate. In general, it can be concluded that the hot-rolling process can 

embed the nanowire into their substrate down to three quarters of their diameter. Furthermore, the 

glass transition temperature is the highest rolling temperature that the substrate can tolerate without 

major deformation and the lowest surface roughness was achieved at this point. Therefore, the 

glass transition temperature is considered as the highest temperature that this process can be done.  

These roughness values are lowest among electrodes which do not use additional material to fill 

the spaces between the nanowires, and comparable to those that do. Furthermore, for a given sheet 

resistance, the hot-rolled electrodes are more transparent than electrodes that use additional 

material [63,65]. The maximum peak-to-valley value of the hot-rolled electrodes is lower than the 

typical layer thicknesses in organic electronic devices. 
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Figure 3.4 AFM images of silver nanowire electrodes on PET after (a) annealing (S1) and (b) hot-rolling (S5). (c), 

(d) Line scan data corresponding to the black dashed lines in (a) and (b), respectively. 

Because different groups use different nanowire diameters for their electrodes, samples were also 

fabricated from 90 nm diameter silver nanowires for comparison. The RMS roughness of the 

annealed 90 nm diameter nanowire electrodes was 40 nm, and was 10 nm in the hot-rolled samples. 

The maximum peak-to-valley height values were 150 nm and 50 nm for the annealed and 

hot-rolled electrodes, respectively.  

To determine the level of adhesion, a piece of scotch tape was applied on the silver nanowire film, 

pressed with a finger, and then peeled off, with the sheet resistance of the electrode being measured 

before and after. The results of the scotch tape test are tabulated in Table 3.1. The data indicate 

that, unlike as-deposited and annealed substrates, the nanowires in the hot-rolled electrode adhere 

to the substrate very well.  The sheet resistance of the hot-rolled electrode was 14.0 Ω/sq and 

14.1 Ω/sq before and after applying and removing the tape. This level of nanowire adhesion greatly 
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exceeds other nanowire electrodes that were mechanically pressed [15,68]. One of the advantage of 

the rolling process is that the surfaces of the nanowires are not covered. Therefore, the nanowires 

can be subjected to surface treatments such as plasma and UV-ozone for functionalizing the 

surface. Other treatments such as etching can remove the nanowires from the substrate which could 

be useful for patterning purposes. 

While the nanowire electrode was bent around a 5 mm radius rod by hand, the sheet resistance of 

hot-rolled electrodes increased by less than 1%. The resistance changes were measured during the 

test by a 2-probe multimeter.  When bent one hundred times and then returned flat, the resistance 

was unchanged. In comparison, the sheet resistance of annealed electrodes increased by 3% when 

bent, and 2% after one hundred bending cycles. Thus, the hot-rolled electrodes had slightly better 

flexibility, perhaps due to the better attachment of the nanowires to the substrate. 

3.4 Conclusion  

In summary, this study demonstrates a hot-rolling process to achieve silver nanowire transparent 

electrodes with a smooth surface topology and excellent nanowire adhesion to the substrate. An 

RMS surface roughness of 7 nm was achieved, with a maximum peak-to-valley height of 30 nm. 

These values meet the smoothness requirements needed for most organic devices. The silver 

nanowires were successfully embedded in the substrate such that their sheet resistance changed 

less than 1% after the tape test. The results of this project show that the surface roughness issue 

for nanowire electrodes can be easily addressed in a roll-to-roll compatible process without using 

any additional materials.  
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Chapter 4                                                        

The Joule heating problem in silver nanowire 

electrodes 

Silver nanowire transparent electrodes have shown considerable potential to replace conventional 

transparent conductive materials, especially in flexible electronics. However, nanowire electrodes 

have a unique Joule heating problem. Unlike in a continuous film, the temperature profile is very 

non-uniform, with some individual nanowires reaching temperatures higher than 250 °C at the 

current densities incurred in organic solar cells. These hotspots accelerate nanowire degradation 

and lead to electrode failure. Passivating the nanowire network with a layer of reduce graphene 

oxide extends electrode lifetimes by slowing nanowire degradation and creating a more uniform 

surface temperature. However, the graphene layer does not significantly reduce the current flowing 

through the nanowires and so Joule heating is not prevented. The high temperatures that some 

individual nanowires reach ultimately melt the substrate and create electrical discontinuities. In 

this chapter, surface temperature mapping, lifetime testing under current flow, imaging after 

electrode failure, and modelling illuminate the behavior of nanowires under extended current flow 

and leads to recommendations to manage Joule heating. 

This study was done in collaboration with three research groups from the University of Waterloo 

and University of Bordeaux. Luzhu Xu (from Prof. Michael Pope’s research group at the 

University of Waterloo) participated in design of this study, and deposited and characterized the 

graphene oxide layer. Alireza Khosropour (from Prof. Andrei Sazonov’s research group at the 

University of Waterloo) helped to develop nanowires’ network model. Alexandra Madeira (jointly 
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supervised by Prof. Goldthorpe and Profs. Mona Tréguer-Delapierre and Laurent Servant at the 

University of Bordeaux) along with Marta Romano and Christophe Pradére at the University of 

Bordeaux collected the IR images and helped analyzed this data. I participated in the design of this 

study, fabricated the silver nanowire electrodes, tested and characterized the electrodes, analyzed 

the results, and extracted the current distribution in nanowire networks. 

4.1 Introduction 

Silver nanowire transparent electrodes have emerged as an alternative material to conventional 

transparent conductive oxides. They can exhibit similar conductivity and transparency as indium 

tin oxide (ITO( films,[75]  the most common transparent conductive material, while being lower in 

cost. Furthermore, nanowire electrodes have the advantages of being deposited on substrates using 

low temperature solution deposition methods and are able to maintain their conductivity after 

repeated bending. These aspects make them particularly desirable for use on plastic substrates for 

flexible electronics, for which ITO is inappropriate.  

Silver nanowire (AgNW) transparent electrodes are already being used in commercial touchscreen 

applications. These touchscreens work by creating and changing an electric field between the 

nanowire electrode and a parallel electrode, with a material in between that responds to the field. 

A current flows across the nanowire electrode only for a short time to change its potential during 

switching, with minimal current flowing otherwise. This is also true for other capacitive-type 

devices such as smart windows.[76] However, for devices such as solar cells, organic light emitting 

diodes (OLEDs), and transparent heaters, there are long periods of time when current continuously 

flows across the transparent electrode during device operation, resulting in Joule heating. Although 

not typically problematic for ITO electrodes, we have previously shown that the Joule heating 
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created at the current levels typically encountered in organic solar cells causes nanowire electrodes 

to fail in a matter of days. The nanowires breakup and electrical discontinuities form.[77] 

Multiple mechanisms can lead to silver nanowire degradation. Silver nanowires corrode in air, 

specifically due to the presence of trace amounts of sulfur [78], and this corrosion is accelerated by 

increasing temperature [79]. Additionally, silver nanowires are not morphologically stable owing, 

in part, to their high surface-area-to-volume ratio. They tend to break into small segments, a 

behavior usually as attributed to the Rayleigh instability [80–82]. Like corrosion, this instability of 

metal nanowires is also worsened at higher temperatures [82]. To slow nanowires degradation and 

thus increase the lifetime of AgNW electrodes, various passivation strategies have been developed 

that use an outer layer to protect the silver nanowires from corrosion and other side reactions with 

the environment. The passivation layer must be optically transparent and electrically conductive if 

it stands, for example, between the nanowire film and the active part of a solar cell. Passivation 

materials such as zinc oxide (ZnO), titanium oxide (TiO2), and graphene have been used [83–86]. 

Reduced graphene oxide (RGO), in particular, is attractive since it can block both moisture and 

the gases in air [87]. Furthermore, it can be deposited in thinner layers than ZnO and TiO2 which 

allows it to be more transparent, and like AgNW films, it can be deposited in solution and is 

mechanically flexible. Several studies have shown its utility as a passivation layer [49,85,88–90]. For 

instance, whereas the sheet resistance of an unpassivated AgNW electrode more than tripled in 

less than a week at 70 °C in air, the resistance of a nanowire electrode passivated with a solution-

deposited reduced graphene layer increased by less than 50% over the same time [91]. If the layer 

of graphene is instead deposited using chemical vapor deposition (CVD), it can more effectively 

stabilize the silver nanowires. A recent experiment showed only a 10% increase of sheet resistance 

after one month at 70 °C [92]. However, at this time this latter method is not economical for 
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commercial manufacturing, especially since the graphene layer cannot be directly synthesized on 

the nanowires but rather needs to be deposited elsewhere and then transferred.  

In the above studies, degradation of a silver nanowire electrode was evaluated either at room 

temperature or when the electrode was annealed in an oven (or on a hotplate) to achieve an elevated 

temperature. In all cases, the temperature was the same at all points on the electrode. However, the 

surface temperature profile across a nanowire electrode is not uniform when it is used in a solar 

cell or OLED. Unlike in a continuous conducting film like ITO where current flows throughout 

the entire area of the film, in nanowire electrodes current only flows through the thin metal 

pathways. Furthermore, there are variations in the nanowire density across the film and thus the 

current density flowing in some nanowire pathways is higher than in others. These factors together 

result in a non-uniform temperature distribution with the temperature of some individual 

nanowires being significantly higher than the average surface temperature of the electrode. In this 

work we investigate bare AgNW electrodes and RGO-passivated AgNW electrodes under current 

flow. Compared to annealing, this is a more realistic situation for studying the performance and 

lifetime of the electrodes when they are operated in a solar cell or OLED. As other reports have 

shown, we confirm an RGO passivation layer does increase lifetimes by slowing nanowire 

degradation during an anneal, but RGO does not prevent Joule heating. It is shown that the Joule 

heating in RGO-passivated electrodes results in melting and deformation of the plastic substrate 

leading ultimately to electrode failure. These results indicate that Joule heating is a problem that 

cannot be overlooked and needs to be effectively addressed and managed if nanowire electrodes 

are to be used in devices such as solar cells, OLEDs, and transparent heaters. 
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4.2 Experimental 

4.2.1 Nanowire electrode fabrication 

Silver nanowires dispersed in ethanol were purchased from Blue Nano Inc. (Charlotte, NC) with 

an average diameter and length of 90 nm and 25 µm, respectively. Polyethylene terephthalate 

(PET) films (127 µm thick from Dupont Tianjin Inc.) were cleaned in a sonication bath of acetone, 

isopropanol alcohol, and distilled water each for 1 minute, then dried with nitrogen gas. The 

nanowires were deposited on the PET films using the Mayer rod coating technique to obtain a 

random network of silver nanowires. The active area of the AgNW film was 2 cm x 2 cm with two 

strips of 0.5 cm wide copper tape beyond the two ends as current collectors. The concentration of 

the nanowires in ethanol and the number of coating layers were designed to obtain AgNW 

electrodes with a sheet resistance of 60 ± 10% ohms/sq (Ω/□). The deposited films were dried in 

air for 5 minutes and mechanically pressed by rollers at room temperature to reduce the nanowire 

junction resistances [52]. The rolling was done to reduce the resistance of the nanowire films at the 

nanowire junctions by fusing them together. This step also increased the adhesion of the nanowires 

to the substrate which was required for the RGO deposition process.  The hot rolling process was 

not used for this study (described in chapter 3) to avoid any possible deformation in the nanowire 

structure. This also enables better observation of changes in nanowire structure before and after 

the Joule heating experiments since nanowires are not embedded into their substrate. For 

comparison purposes, ITO film on PET with a sheet resistance of 60 ohms/sq was purchased from 

Sigma Aldrich. 

4.2.2 Determining current flow value 

Figure 4.1a shows the structure of an organic solar cell that is commonly used in large-scale 

modules. The current density assumed in this study was 20 mA/cm2, which is the operating current 
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of the best performing organic solar cells in the literature [93,94]. Current densities in OLEDs can 

also reach as high as 20 mA/cm2 [95]. Figure 4.1b schematically shows charge carrier flow in the 

nanowire electrode when the device is operating. The current density in the transparent electrode 

is lowest at the right end, but increases towards the left as more generated carriers are collected. 

The maximum current is incurred near the left current collector bar. In common designs of organic 

solar cell modules, the length of the active layer is around 1 cm [96–98]. Therefore, with a current 

density of 20 mA/cm2, the current at the current collector bar will reach 20 mA per centimeter 

length (mA/cm) of metal bar. As this is the typical maximum current incurred in the transparent 

electrode, we will focus on this value in our experiments. 
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Figure 4.1 (a) Schematic of a typical organic solar cell module. (b) Planar view of the transparent electrode. 

 

4.2.3 Reduced graphene oxide passivation layer fabrication 

4.2.3.1 Graphene oxide synthesis 

Graphene oxide (GO) was prepared using the Tour method [99]. In a typical reaction, 3 g of 

graphite, 360 mL of H2SO4, and 40 mL of H3PO4 were first stirred together in a flask. Then, 18 g 

KMnO4 was slowly added. The temperature of the mixture was maintained at 40 ºC. After stirring 

for 16 h, the mixture was cooled to room temperature. Finally, the mixture was transferred into a 

large beaker filled with 400 g of ice, followed by the slow addition of 3 mL of 30% H2O2. The 

color of the solution turned from dark brown to gold. The resulting mixture was separated from 

the residual acids by centrifugation. The pellet was redispersed with 30% HCl and centrifuged 
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again. This process was repeated once more, followed by four washes with ethanol to remove the 

HCl. The resulting GO slurry was stored in ethanol. 

4.2.3.2 Graphene oxide monolayer formation 

A glass trough with Teflon coated walls and barriers was used to carry out monolayer fabrication 

by a modified Langmuir-Blodgett (LB) trough technique [100].The trough was first cleaned 

with1,2-dichloroethane (DCE), rinsed with deionized water (Milli-Q) and then filled with water 

until the water surface emerged just passed the trough walls. The cleanliness of the trough was 

verified by using a paper Wilhelmy plate and balance which was used to measure the surface 

tension of water as 72 mN/m. The as-prepared AgNW film coated PET samples were placed 

beneath the water prior to GO deposition. The GO dispersion in ethanol was mixed with DCE to 

make a final GO concentration of 0.025 mg/ml with a volume ratio of ethanol/DCE of 1:13. This 

GO suspension was dripped onto the air-water interface until the solvent could no longer spread. 

We have recently shown that this method results in continuous, densely tiled, monolayer films of 

GO over the entire trough surface and removes the need to compress the film with the floating 

barriers of a typical LB trough. The floating GO film was deposited onto PET samples by the 

horizontal precipitation method which involves slowly draining out the water from the trough, 

such that the film is lowered onto the substrate. In addition to coating PET samples, mica and 

highly oriented pyrolytic graphite (HOPG) substrates were coated at the same time to verify film 

morphology and coverage by atomic force microscopy (AFM) and scanning electron microscopy 

(SEM). 

4.2.3.3 Chemical reduction of graphene oxide monolayers 

The as-prepared GO monolayer-coated PET samples were dried in a vacuum oven at 60 ºC for 1 h 

to remove adsorbed water. A 50 mM solution of NaBH4 in water (pH adjusted to 10 using NaOH) 
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was heated to 50 ºC [101]. Coated samples were immersed in this solution for 15 min, followed by 

rinsing with DI water. The resulting chemically reduced films were dried in vacuum oven at 60 ºC 

for 1 h. 

4.2.4 Characterization 

Contact mode AFM was carried out on GO films deposited on atomically flat muscovite mica 

(SPI) substrates using NP-STT10 tips (Bruker) and a Nanoscope MultiMode AFM (Veeco). AFM 

images were analyzed using Gwyddion software to extract height profiles between the atomically 

smooth substrate and the GO sheets, and a custom MATLAB code was used to estimate sheet 

thicknesses from the steps in the height profiles.  

The sheet resistance of the electrodes with and without the RGO layer was measured by either a 

multimeter or a 4-point probe measurement system. UV-Vis photospectroscopy with an integrating 

sphere was used to measure the transparency of the electrodes. Scanning electron microscopy 

(SEM) images were taken before and after failure of the electrodes 

A DC power supply was connected to the current collectors to apply a constant current of 20 

mA/cm across the bare electrodes. A multimeter and a flat leaf-style thermocouple were used to 

continuously monitor the voltage across the electrode and its average surface temperature, 

respectively, during extended time experiments and PC link software was used to record the data. 

In a separate measurement, an infrared (IR) camera was used to map the spatial temperature 

distribution over the electrode area while the electrode was conducting 20 mA/cm of current. The 

IR camera (FLIR SC7000) had an indium-antimony detector composed of a focal plane array 

featuring 81,920 pixels (matrix 320 x 256), and a simultaneous measurement at all 81,920 spots 

can be performed using the snapshot mode. The camera was equipped with an IR lens with a focal 
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length of 25 mm. The resulting spatial resolution per pixel is around 250 µm. A calibration method 

was used to retrieve the absolute temperature from the raw intensity profiles given by the infrared 

camera by using a method previously reported [102,103]. For this purpose, a thin layer of black paint 

was deposited over the electrodes in order to avoid reflections 

4.2.5 Modelling 

Random networks of silver nanowires were modelled in MATLAB. The nanowires were modelled 

as cylinders having the same average diameter and length as the nanowires used in our experiment 

(90 nm and 25 µm, respectively). The resistivity of the nanowires in the model was 27 nΩ·m, 

which is the average resistivity reported for 90 nm silver nanowires [104–106].The nanowires were 

randomly distributed over a 300 µm x 300 µm area (Figure 4.7a). The nanowires in the network 

were treated as resistors and the circuit was analyzed using Kirchhoff’s law to determine 

characteristics of each nanowire, which was done using HSPICE software. An HSPICE netlist was 

constructed for this random nanowire network to calculate the sheet resistance of the modelled 

network and extract the current in individual nanowires. The density of nanowires was chosen to 

generate nanowire networks with sheet resistances of 60 ± 15% ohms/sq. It should be noted that 

junction resistances were neglected. Our rolling process during electrode fabrication welded 

overlapping nanowires and greatly reduced junction resistances. It has been shown by others that 

in cases where steps are taken to reduce junction resistances in nanowire electrodes, junction 

resistance may no longer be a significant factor [107]. We found that neglecting junction resistances 

was an appropriate approximation since for a given density of nanowires, the sheet resistances of 

our modelled networks fell within ±10% of our experimental samples.  

The current values were subsequently used to model Joule heating in individual nanowires using 

COMSOL Multiphysics software. The Joule heating module in COMSOL was used to find the 
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local temperature of a nanowire on a PET substrate at different current densities. The Joule heating 

and resulting temperature of nanowires under the range of current densities on a plastic substrate 

(PET) with and without a RGO passivation layer was simulated. The graphene sheets are much 

larger than the diameter of the nanowires and cover their surface and the surrounding substrate 

conformably, as shown by others [108] . In the COMSOL model the conformal contact has been 

simplified to square shape. This shape has three points of contact with the nanowire with small 

gaps between the nanowire and the RGO layer which is expected to be similar to the real structure. 

The area of the substrate was selected according to the experimental nanowire density by dividing 

the area of the substrate by the number of nanowires. Heat convection was considered at the top 

and bottom of the PET sample and all surfaces of the nanowires and the RGO layer as the boundary 

condition. The steady state temperature was calculated using the Poisson heat transfer equation: 

𝑄 = 𝑛 ∙  𝐾∇𝑇 = ℎ∆𝑇 

Where h is the heat transfer coefficient, K is the thermal conductivity of the object and n is the 

outward normal with a unit value of one.  In the COMSOL model, the heat transfer coefficient (h) 

was taken to 5 W/(m2·K) which is the recommended value for the heat transfer coefficient of air 

by COMSOL. For determining electric potential, one end of each nanowire was grounded and the 

other end considered as the current terminal. In the heat transfer model, the values of the heat 

transfer coefficient and the thermal conductivity do not significantly affect the final average steady 

state temperature. However, the thermal conductivity value has a significant role in the heat 

distribution profile on the samples. It will be shown later that presence of a graphene layer with 

high thermal conductivity can lead to more uniform distribution of heat on the surface of the 

samples. The exposed area of the PET affects the steady state temperature due to the change in the 

available area for heat transfer.     
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4.3 Results and Discussion 

4.3.1 Characterization of electrodes 

Our first goal was to create a transparent barrier film of RGO to protect the Ag nanowires as 

illustrated schematically in Figure 4.2a. The morphology and coverage of the GO film are shown 

in the SEM and AFM images in Figures 4.2b and 4.2c, respectively. The contrast in the SEM 

image (Figure 4.2b) shows the GO film (bright) and underlying HOPG substrate (dark) and 

indicates that film is composed of densely tiled and partially overlapping (even brighter contrast 

regions) sheets. The film coverage, estimated by pixel counting, is over 95%. The AFM images of 

films deposited on mica (Figure 4.2c) show the same coverage. A histogram generated by 

analyzing AFM thickness profiles of over 200 sheets is shown in Figure 4.2d and indicates that 

the tiled sheets have a narrow distribution of thicknesses with an average around 0.7 nm. This 

indicates that the film is composed almost entirely of single layers. It was challenging to verify the 

film morphology and coverage on PET directly because the substrate roughness is larger than the 

expected film thickness and the secondary electron contrast difference between PET and RGO is 

poor. However, the fact that we could achieve similar morphologies on both hydrophilic (mica) 

and hydrophobic (HOPG) substrates suggests that our film coverage and thickness should be very 

similar on PET.  
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Figure 4.2  Graphene oxide blocking layers. (a) Schematic illustrating GO monolayer deposition on AgNW/PET 

film. (b) Secondary electron SEM image showing contrast between GO film (light) and some pinholes exposing the 

hydrophobic (HOPG) substrate (dark). (c) Contact-mode AFM image of GO film on mica. (d) Histogram of sheet 

thickness estimated from AFM imaging as in (c). 

 

The transparency of the 60 ohms/sq AgNW films (i.e. not including the PET substrate) at a 

wavelength of 550 nm were 94%. The transmittance of the AgNW electrode dropped from 94% 

to 91% after the deposition of the reduced graphene oxide layer. The 3% decrease in transparency 

is consistent with the transparency of a single layer of graphene in the visible range which is in 

direct agreement with our AFM and SEM analysis of the graphene film discussed above [109]. The 

RGO sheets are electrically conductive. However, their conductivity is significantly less than the 

conductivity of the nanowires [110], and the contact resistance between two overlapping sheets is 

high. Therefore, the majority of the current flows through the NW network instead of the RGO 
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film. The overall sheet resistance of the electrode did not decrease significantly after adding the 

RGO layer (only by 0-10%). 

4.3.2 Annealing study 

We first confirmed prior studies of the literature showing the effectiveness of reduced graphene 

oxide in protecting the nanowire films against degradation when annealed in a furnace. Both the 

AgNW and AgNW-RGO electrodes were annealed at 70 °C in air for 14 days. After six days, the 

sheet resistance of the AgNW electrode increased by 180 times compared to the initial sheet 

resistance (R0), as shown in Figure 4.3, whereas the sheet resistance of the AgNW-RGO electrode 

increased by only by a factor of 1.5 after 14 days. This indicates that the RGO is quite successful 

in slowing silver nanowire degradation under annealing conditions, as concluded by many others. 

The main mechanisms by which the RGO increases the stability of the nanowires are (i) the RGO 

layer blocks gas molecules which results in protecting silver nanowires against corrosion, (ii) 

presence of the RGO layer changes the surrounding environment of the nanowire and changes the 

surface self-diffusion and activation energy values, as described in chapter 1, and (iii) the melting 

of nanowires start from their surfaces and when the RGO, which has higher melting point than 

silver nanowires, is in contact with the surface of the nanowire the melting of nanowire doesn’t 

occur until higher temperatures [86].Although RGO looks very promising in increasing the stability 

of the nanowires, testing its effectiveness under current flow is essential to mimic the stress on the 

electrode during use in solar cell or OLED. 
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Figure 4.3 Sheet resistance changes of the nanowire and nanowire-RGO electrodes at 70 °C in air. 

 

4.3.3 Surface temperature distribution under current flow 

Figure 4.4 shows the evolution of surface temperature profiles of the ITO, AgNW, and AgNW-

RGO films when 20 mA/cm of DC current is passed across the electrodes. Profiles are shown after 

10 s of current flow and after the temperature has stabilized (60 s). The current collectors are 

located at the top and bottom of the images and the current flows from top to bottom, as indicated 

schematically in Figure 4.4a. As can be seen, the temperature is uniform over the ITO electrode. 

However, temperature variations greater than 20 °C is evidenced across the AgNW electrode 

(Figure 4.4d-e). The presence of such hot spots in nanowire electrodes has also been reported by 

others [111,112]. A non-uniform density distribution of the nanowires across the electrode can be the 

culprit. In bottleneck regions where there is a sparser nanowire concentration, individual 

nanowires must sustain high current densities, and thus local Joule heating will be significantly 

higher than in denser nanowire regions. The hotspots observed in the unpassivated nanowire 

electrode exist along a line across the electrode parallel to the current collectors.  We hypothesize 

that there are regions of sparse nanowires along this line and thus much of the current cannot re-

route through denser locations. Thus Joule heating, equal to I2R where I is current and R is 

AgNW-RGO 



57 

 

resistance, is high along this line. The existence of hot spots accelerates both corrosion and 

Rayleigh instability in these regions leading to nanowire breakdown. When nanowires break down, 

more current is forced through other available pathways, causing those regions to then increase in 

temperature. This situation can be observed in Figures 4.4d-f. A hotspot present after 10 s, which 

Figure 4.4f indicates is at the highest temperature on the electrode, no longer exists after 60 s. This 

suggests that some nanowires failed rapidly after current was applied due to this high temperature. 

As can be observed, it cooled down once no current could no longer flow through that pathway, 

but consequently, the regions around the failed nanowires became hotter. This in turn accelerates 

nanowire degradation at these points until ultimately, as we observed when higher currents were 

applied to accelerate failure times, an open circuit exists in a line extending across the electrode.  

It is important to note that the smallest detected area (pixel resolution) of the thermal imaging 

camera is 200 µm x 200 µm which corresponds to an area with more than one hundred nanowires. 

Thus, the temperature of individual nanowires is not detectable. Modelling presented later 

indicates that temperature variations on the nanoscale are far higher than ones observed on the 

microscale in thermal maps such as these.  

In Figures 4.4g-i, we can see that the graphene passivation layer smooths out the temperature 

variation of the NW film such that the uniformity is comparable to the ITO electrode. This is likely 

because of the high thermal conductivity of the RGO (above 1000 W/(m·K)) compared to air 

(0.024 W/(m·K)) and the plastic substrate (0.23 W/(m·K)). The RGO layer not only distributes 

heat more evenly across the surface heat. I, but it also provides a larger surface area from which 

the heat can dissipate, thereby lowering the average surface temperature of the electrode. [113] The 

absence of hot spots is one of the reasons why we will later see that graphene extends the lifetime 

of AgNW electrodes under current flow. 
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Figure 4.4 Temperature profiles of electrodes, measured using a thermal imaging camera, when 20 mA/cm of current 

is flowed in the direction of top to bottom. (a,b) Surface temperature of ITO, (c) 3D temperature profile of ITO after 

60 s. (d,e) Surface temperature of the AgNW electrode, (f) 3D temperature profile of the AgNW electrode after 10s. 

(g,h) Surface temperature of the AgNW-RGO electrode, (i) 3D temperature profile of the AgNW-RGO electrode after 

60 s. 

4.3.4 Electrode failure under current flow 

Figure 4.5a shows the average surface temperature (measured with a thermocouple that was 

attached to the bottom of the substrate) and sheet resistance evolution for an unpassivated AgNW 

electrode under 20 mA/cm current density. The electrode failed after 120 h (5 days), where failure 

is defined as when the sheet resistance exceeded 1500 ohms/sq. SEM images of nanowires after 

electrode failure are shown in Figures 4.5b and c, illustrating the two different types of nanowire 

breakdown that was observed. In Figure 4.5b, the presence of nanoparticles on the nanowires 

indicate nanowire corrosion [77] which eventually lead to electrical discontinuities. Other 

nanowires (Figure 4.5c) are completely melted in addition to damaging the plastic substrate 
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underneath, implying a very high localized temperature. We postulate that these latter nanowires 

were subjected to very high levels of current and thus heated up and failed quickly, like those 

associated with the disappearing hotspot in Figures 4.4d-e, whereas the corroded nanowires were 

subject to lower current densities over a longer time period. These issues will be further discussed 

when the modelling of current levels and temperatures of individual nanowires is presented. 

 

Figure 4.5 (a) Temperature and sheet resistance of a AgNW electrode over time under a current density of 20 

mA/cm. (b), (c) SEM images of nanowires after electrode failure. 

Figure 4.6a shows the average temperature and sheet resistance of the AgNW-RGO electrodes 

under a linear current of 20 mA/cm. The RGO passivation layer extended the lifetime of the AgNW 
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electrode to 285 hours (~12 days). There are three possible mechanisms by which RGO passivates 

the electrodes: (1) nanowire corrosion is slowed since the RGO impedes air from reaching the 

nanowires; (2) the RGO prevents hotspots (as discussed above) where the fastest degradation 

occurs; and (3) the RGO increases the morphological stability of the nanowires and thus increases 

the temperature at which the nanowires break-up [44]. Indeed, SEM images taken after electrode 

failure show that the RGO-passivated electrodes do not fail due to NW melting or corrosion, like 

in the case of unpassivated electrodes (Figure 4.6b). Rather, the electrode instead breaks down due 

to deformation and melting of the PET substrate on a microscale (Figure 4.6 c and d). The substrate 

deformation causes breakage in the nanowires and thus electrical discontinuities. 

A melted substrate indicates that the local temperature of the nanowires exceeds the melting point 

of PET (~250 °C) during current flow. The silver nanowires, normally unstable at this temperature 

[37], can sustain these high temperatures due to the RGO passivation. Although the thermal imaging 

data indicated the RGO-passivated electrodes had an average surface temperature of 32 °C under 

this same current flow (Figure 4.4i), the local temperature of some nanowires are much higher. 

These results demonstrate the inadequacy of annealing a nanowire electrode to assess stability and 

lifetimes, which is the method used by many others and done above in Figure 4.3. The Joule 

heating that would occur in the electrode during solar cell operation, which causes very high 

localized temperatures, is not incurred. As measured in Figure 4.3, the resistance of the RGO-

passivated electrode annealed in a furnace at 70 °C only increased by 1.5 times after 12 days, 

whereas under a current flow causing an average surface temperature of 32 °C, the resistance 

increased by more than 25 times. 



61 

 

 

Figure 4.6 (a) Temperature and sheet resistance vs. time of a AgNW-RGO electrode under a current density of 20 

mA/cm. (b), (c) SEM images of the electrode after failure indicating melting of the plastic substrate. 

 

4.3.5 Modeling of current in a nanowire network  

As evidenced by SEM imaging, electrode failure occurs at the level of individual nanowires. 

However, measuring the temperature and the levels of current flowing through individual 

nanowires in an electrode is experimentally prohibitive. Therefore, modelling was employed to 

better understand the extent of Joule heating and the mechanisms of failure. 

As described above, the silver nanowire network was modelled in MATLAB and the modelled 

network is shown in Figure 4.7a. The current flowing through individual nanowires in the 
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modelled network was analyzed using HSPICE. Figure 4.7b tabulates the current density through 

individual nanowire segments (segments span between two red dots in Figure 4.7a, where red dots 

are the locations of nanowire junctions and nanowire endpoints) when 20 mA/cm is applied across 

the metal end bars. This level of current does not lead to problematic current densities in 

continuous films, however, nanowire electrodes are not continuous and the current is instead 

forced through 90 nm-thick nanowire pathways, leading to very high current densities. The 

average current density in the nanowires is calculated to be 1.2 ± 0.1 x105 A/cm2. As a comparison, 

for a 130 nm thick film of ITO, the approximate thickness of a 60 ohms/sq ITO film, the current 

density would be 1.5x103 A/cm2, two orders of magnitude less. 0.5 ±0.1 % (error based on running 

the simulation with a different random network 5 times) of the nanowires in the electrode carry a 

current density of more than 5.5 x105 A/cm2 which are expected to break down relatively fast due 

to Joule heating (to be discussed in the subsequent section).  

 
Figure 4.7 (a) Silver nanowire electrode model with a sheet resistance of 60 ohms/sq (red dots show nanowire 

junctions and endpoints) (b) The distribution of current densities in individual nanowire segments (i.e. between two 

red dots) of the nanowire electrode. 
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4.3.6 Joule heating modelling of nanowire electrodes 

The Joule heating in a single nanowire on PET was modeled in COMSOL as described above. 

Figure 4.8 shows the results of the simulation and the steady state temperature for a single AgNW, 

AgNW-RGO and ITO samples on PET substrates.  A single AgNW, with a diameter of 90 nm, 

carrying the average current density calculated in the section above (1.2x105 A/cm2) reached 33 °C 

(Figure 4.8a) and a RGO-passivated AgNW reached 30 °C (Figure 4.8b). The RGO helps spread 

out the heat due to its higher thermal conductivity compared to PET and reduces the surface 

temperature by 8-10 %. Our simulated results match closely to experiment: the calculated average 

surface temperature of the AgNW electrode under 20 mA/cm of current, recorded by the IR 

camera, was 33 ±2 °C, and the measured temperature of the AgNW-RGO (Figure 4.4i) was 32 ±2 

°C. And when Joule heating was simulated in a 60 Ohm/sq 130 nm thick film of ITO on PET under 

the calculated average current density of 1.5x103 A/cm2 (Figure 4.8c), the steady state temperature 

was 32 °C, also close to the 34 ±2 °C recorded by the IR camera (Figure 4.4c).  
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Figure 4.8  Steady state thermal profile of a (a) AgNW and (b) RGO-passivated AgNW under a current density of 

1.6x105 A/cm2. (c) Simulated thermal profile of ITO film on PET under the same current (d) Calculated steady state 

temperature of individual unpassivated and passivated silver nanowires on PET substrates under different current 

densities. 

Although the temperature of a nanowire conducting the average current density is 33 °C, there are 

individual nanowire segments that become much hotter. Figure 4.8d shows the simulated 

temperature of silver nanowires on PET at different current densities. As calculated in the section 

above, 0.5 % of the nanowire segments in a 60 ohm/sq AgNW electrode under 20 mA/cm current 

flow are carrying a current density higher than 5.5x105 A/cm2. We see in Figure 4.8d that the 

temperature of unpassivated NWs carrying these levels of current exceeds 250 °C, above the 

melting point of PET. And at this temperature, unpassivated 90 nm AgNWs are not thermally 

stable either [37]. Such nanowires would fail quickly after the current is applied. These nanowire 

segments are hotter than the hottest spot in the IR images because, as mentioned above, the camera 

only measures an average temperature of several hundred nanowires. However, the existence of 

these very hot nanowires still corroborates with our experimental results. The IR data in 
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Figure 4.4d and e insinuate that there is a rapid failure of some nanowires, and the SEM image in 

Figure 4.5c indicates melting of both the nanowire and a localized portion of the substrate. Once 

these high current carrying nanowires break and are no longer conductive, the current is 

redistributed amongst the other nanowires.  

The existence of localized nanoscale hotspots of high temperatures is in stark contrast to ITO, 

where the current is distributed evenly throughout the film. In a film of ITO carrying the same 

current density as the nanowire electrode, all points on the surface would be close to 32 °C. The 

existence of a non-uniform temperature distribution and localized hotspots reaching 250 °C is a 

unique problem for nanowire electrodes. 

Because RGO is not nearly as conductive as the nanowire network, it does not lower the current 

densities in the nanowires and therefore Joule heating still occurs. Although it avoids larger 

microscale hotspots and slightly lowers the average surface temperature, we can see in Figure 4.8d 

that the temperatures of individual nanowires in the AgNW-RGO case can still be very high. And 

because a single layer of RGO does not prevent nanowire degradation completely, as evidenced 

by the slight resistance increase during annealing (1.5 times after 14 days) and by the observation 

of some nanowire corrosion in the SEM after extended current flow, the current densities in the 

nanowires increase over time. This leads to more and more Joule heating until ultimately the 

substrate melts over microscale areas, causing the nanowire networks to distort and fail. 

In addition to concerns about electrode failure, our models show that the temperature of 5.5 ±0.5 % 

of the unpassivated nanowires, and 5.0 ±0.5% of the RGO-passivated nanowires, exceed 100 °C, 

which could also adversely affect other materials in a device. Because organic materials are not 

stable at high temperatures, the maximum operating temperature for organic solar cells and LEDs 

is commonly below 100 °C [114–117]. This is lower than the melting point of PET and is thus a more 
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stringent thermal budget. This is another reason why Joule heating in nanowire electrodes is a 

major concern that needs to be addressed. 

4.3.7 Managing Joule heating 

Our results show that a passivation layer alone is not sufficient to manage the Joule heating 

problem in silver nanowire transparent electrodes. To reduce Joule heating, the current density in 

individual nanowires needs to be reduced. One way to achieve this is to increase the density of the 

nanowires in the electrode so that there are more current pathways. A 20 Ohm/sq AgNW electrode 

was modelled (Figure 4.9a) and the current density distribution in the nanowire segments when 

20 mA/cm is applied across the electrodes is plotted in Figure 4.9b. The average current density 

in the nanowire segments is 0.6 ±0.1 x105 A/cm2, which is half of the average current density in 

60 Ohm/sq AgNW electrode.  

 
Figure 4.9 (a) Silver nanowire electrode model with a sheet resistance of 20 ohms/sq (red dots show nanowire junctions 

and endpoints). (b) The distribution of current densities in individual nanowire segments (i.e. between two red dots) 

of the 20 ohms/sq nanowire electrode. 

The simulation results of Joule heating in the 20 ohms/sq electrodes are shown in Figure 4.10. The 

steady state temperature of the AgNW and AgNW-RGO samples under the average current density 

reached to 27 °C and 25 °C, respectively (Figure 4.10 a and b), which is 6 and 5 degrees lower 

than in the 60 ohm/sq case. In the AgNW and AgNW-RGO electrodes, less than 0.006 ±0.003 % 
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and 0.002 ±0.001 % of the nanowires, respectively, carry a current that results in a temperature 

above 250 °C. In addition, only 0.45 ±0.15% and 0.15 ±0.1% of the nanowires get hotter than 

100 °C in the AgNW and AgNW-RGO electrodes, respectively. Overall, Joule heating is 

significantly reduced in NW electrodes with lower sheet resistance. Increasing the nanowire 

density in the electrodes has drawbacks however; the electrode transparency would decrease and 

the material cost will increase.  

 

Figure 4.10 Modelling results for a 20 ohms/sq electrode (rather than a 60 ohm/sq electrode). Steady state thermal 

profile of a (a) AgNW and (b) RGO-passivated AgNW under a current density of 0.7x105 A/cm2. (c) Calculated 

steady state temperature of individual unpassivated and passivated silver nanowires on PET substrates under 

different current densities. 

A second way to reduce the current density in individual nanowires is to, of course, have less 

current flowing across the electrode. In a solar cell this is achieved by making the active area 

smaller, or in other words, making the metal bars closer together, to lower the maximum current 
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levels which occur near the metal bar. This, however, reduces the efficiency of the solar cells by 

increasing the surface area covered by the metals bars. 

If the temperature of a AgNW electrode needs to remain below a certain value during operation 

for a given device (eg. an organic device which cannot tolerate temperatures above 100°C), our 

model and simulations can calculate the maximum linear current density that can be conducted. 

Figure 4.11 shows the temperature of the hottest silver nanowire in 300 µm x 300 µm electrodes 

with sheet resistances of 20 and 60 ohms/sq. If the thermal budget of a device is 100 °C, for 

example, the maximum linear current density that should be conducted across the 60 ohms/sq 

electrode is 5.5 mA/cm. This number increases to 9.5 mA/cm for an electrode with a sheet 

resistance of 20 ohms/sq.  

4.4 Conclusion 

This study demonstrates that the Joule heating that occurs in silver nanowire electrodes when they 

continuously conduct current is a much more serious problem than in conventional transparent 

conductive materials like ITO. When a 60 ohms/sq AgNW electrode conducts current at the levels 

incurred near the metal contacts of organic solar cells, the resulting Joule heating leads to electrode 

failure in 5 days. An RGO passivation layer extends the electrode lifetime, but only to 12 days 

since it cannot prevent the Joule heating that ultimately leads to failure due to localized melting of 

the plastic substrate. Modelling showed that the temperature of some individual nanowires under 

current flow reach much higher temperatures than the average measured surface temperature. This 

explains the observation of substrate melting and the faster failure times compared to electrodes 

whose lifetimes are assessed by annealing rather than current flow. If silver nanowire electrodes 

are used in solar cells, OLEDs, or transparent heaters, steps must be taken to reduce the Joule 

heating problem to extend both the lifetime of the electrode and the rest of the device as well. 



69 

 

Lowering the electrode sheet resistance or lowering the current flowed across the electrode would 

both be effective strategies. 
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Chapter 5                                                     

Integration of silver nanowire electrodes into devices 

Silver nanowire electrodes are a promising option to replace ITO because of their low sheet 

resistance, high transmittance, and high mechanical flexibility. In this chapter, the results of our 

collaboration with two research groups on integrating silver nanowire electrodes into devices are 

presented. In the first project a polymer dispersed liquid crystal (PDLC) smart window using silver 

nanowire electrodes is demonstrated for the first time, which is the result of a collaborative project 

with Prof. Nasser Abukhdeir’s group in the Chemical Engineering Department at the University 

of Waterloo. Kelvin Liew (from Prof. Abukhdeir’s group) participated in the design of the study, 

prepared the PDLC material, and fabricated the smart windows. I participated in the design of this 

study, prepared the silver nanowire electrodes, and tested the devices’ performance. It is shown 

that the nanowire electrodes have superior performance characteristics compared to traditional ITO 

electrodes while being lower in cost. The results of this study have been published in the journal 

“Solar Energy Materials and Solar Cells” in September 2014 [76].In the second collaborative 

project, with Prof. William Wong’s research group in Electrical and Computer Engineering 

department of the University of Waterloo, silver nanowires in conjunction with Al-doped ZnO 

(AZO) were developed as a conformal and transparent electrode to improve the efficiency of 3D 

solar cells. Minoli K. Pathirane (form Prof.Wong’s group) participated in the design of the study, 

fabricated of 3D solar cells, tested the devices’ performance. I participated in the design of this 

study, and fabricated and optimized the properties of the silver nanowire electrodes as the top 

electrode for the 3D solar cells.   
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5.1 Integration of silver nanowire electrode into smart windows 

5.1.1 Introduction 

PDLC smart windows are used in the architectural and automotive industries due to their relatively 

simple fabrication process, durability, fast switching speed, and low transmittance in the “off” or 

translucent state [118]. These windows can be used as switchable privacy glass or as energy saving 

windows through the modulation of solar heat gain [30,119,120].The operating principle behind 

PDLC-based smart windows involves the use of an electric field to actuate an optoelectronically 

active PDLC film sandwiched between two parallel transparent electrodes. An alternating voltage 

potential is applied across the two electrodes to “switch” the film between a translucent “off” state 

and a transparent “on” state. The cost of these transparent electrodes is a significant issue for 

increased adoption of PDLC smart windows [30]. Candidate transparent electrodes require a balance 

of high transparency, low sheet resistance, and low-cost. While the benefits of increased 

transparency and low-cost are obvious, low sheet resistance is beneficial in minimizing the voltage 

drop across the electrode [121,122] and to ensure fast switching times [123],[124]. Most commonly, the 

transparent electrode type used in the manufacture of PDLC smart windows and other 

optoelectronic devices is indium tin oxide (ITO). These ITO transparent electrodes are relatively 

high-cost due to the cost of indium metal and its processing into ITO.  This cost is exacerbated by 

the fact that PDLC-based smart window deployments involve surface areas on the order of ~1 m2, 

compared to other applications of ITO electrodes such as LCDs where surface areas are on the 

order of ~0.1 m2. Furthermore, the fabrication of smart windows on plastic substrates instead of 

glass is often desired because plastic substrates are lightweight, flexible, and can be laminated onto 

existing windows. However, the temperatures typically used for ITO deposition are not compatible 
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with plastic substrates, so lower than ideal deposition temperatures must be used which results in 

higher sheet resistances.  

This study presents the first results using nanowire electrodes integrated into PDLC-based smart 

windows. These electrodes provide significant promise compared to other ITO alternatives due to 

their low cost, high conductivity, and high transmittance. 

5.1.2 Device fabrication  

5.1.2.1 Silver nanowire electrode 

 In this work, silver nanowires dispersed in ethanol with an average diameter of 35 nm and an 

average length of 15 µm were supplied by Blue Nano Inc. Using the Mayer rod coating method, 

which is described in the previous chapter, films of nanowires were uniformly deposited on 5 x 5 

cm PET substrates of 125 µm thickness and then rolled at room temperature using a rolling press 

(MSK-HRP-01, MTI Corporation). The electrodes were rolled at room temperature since the 

roughness of the electrodes is not critical for smart window applications. The rolling process was 

done to increase the adhesion of the nanowires to their substrate which facilitates handling and 

fabrication of the devices. The nanowire density was selected so that a sheet resistance of 50 Ω/sq 

was obtained. ITO films with a sheet resistance of 50 Ω/sq on 5 x 5 cm PET substrate were 

purchased from Sigma Aldrich Inc.  

5.1.2.2 Polymer dispersed liquid crystal layer and device 

A cross-sectional schematic of the PDLC smart window fabricated in this work is shown in Figure 

5.1. A PDLC layer is sandwiched between two transparent electrodes; the PDLC layer is composed 

of a nematic liquid crystal (E7) guest phase domains dispersed in a polymer matrix (NOA-65) host 

phase. In the absence of an electric field (the “off” state), the liquid crystal droplets are randomly 



73 

 

oriented. In this state, incident light is scattered due to both the birefringence of the LC domains 

and mismatch refractive index of the LC/polymer [125] which results in a translucent film. When a 

voltage potential is applied across the two electrodes the electric field aligns the liquid crystal 

droplets parallel to the electric field, correlating the optical axes of each droplet. In this state, 

incident light is no longer scattered given that the indices of refraction of the guest and host phases 

are commensurate and results in a transparent state (the “on” state). Details about the fabrication 

of the LC layer and the full PDLC device are described in the journal paper [76]. 

 

 

Figure 5.1 Schematic of the cross-section of the PDLC smart window. 

 

5.1.3 Performance of the fabricated smart windows 

Figure 5.2a shows the specular transmittances (unscattered transmitted light) of the silver nanowire 

and ITO electrodes. The nanowire electrode is slightly more transparent than ITO.  At 550 nm, the 

transparency of the nanowire and ITO electrodes are 92.4% and 89.6%, respectively. An SEM 

image of the nanowire electrode is shown in Figure 5.2b.   
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Figure 5.2 (a) Transparency spectra of silver nanowire and ITO films of the same sheet resistance. (b) SEM image of 

the silver nanowire electrode. 

 

Nanowire electrodes are structured as two-dimensional networks on a micro scale, in contrast to 

ITO electrodes which are uniform films. For a 50 Ω/sq nanowire electrode, the characteristic length 

scale between nanowires is approximately 2 µm (Figure 5.2b).  The resulting electric field between 

the two types of substrates can thus be different. In the case of ITO electrodes, the field is 

essentially one-dimensional. For nanowire electrodes, this is not the case for low surface coverages 

which are desired from a cost and transparency perspective. Given that the electrooptically active 

domains in the PDLC film are on the order of 1 µm, there is the possibility of non-uniform electric 

field effects on the transparent “on” state.  However, from the images in Figure 5.3a and b which 

show the PLDC-based smart window using nanowire electrodes, it can be seen that the window is 

uniform in both on and off states for the surface coverages used in this work. This indicates that 

the electric field between the nanowire electrodes is sufficiently uniform. 
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Figure 5.3 Example of a nanowire electrode-based PDLC smart window with (a) 85 V (on state) which corresponds 

to an electric field of 3.4 V/μm and (b) 0 V (off state) applied across the two electrodes. The effect of voltage on the 

(c) specular transmittance and (d) haze of the nanowire-based and ITO-based PDLC window at a wavelength of 550 

nm. 

 

The variation of specular transmittance (light transmitted through the device without scattering) 

and haze (transmitted light that is scattered) on the applied voltage for both the nanowire-based 

and ITO-based window devices are shown in Figure 5.3c and d.  In the off state (0 V), almost all 

the incident light in both devices is forward scattered. As the voltage potential increases, more of 

the incident light is transmitted through the device without scattering and saturates above a critical 

voltage. As can be seen in Figure 5.3c, the nanowire-based device reaches its maximum specular 



76 

 

transmittance of 58.5% at 50 V while the ITO-based device reaches its maximum transmittance of 

50.5% at 85 V. Thus, the nanowire-based device is not only more transparent in the on state, but 

it can also be operated at a lower voltage which results in lower energy consumption. Referring to 

Figure 5.3d, the haze of the nanowire-based device in the on-state is also superior to the ITO-based 

device, being 8% less. 

 

Figure 5.4 (a) Specular transmittance and (b) reflectance of the silver nanowire and ITO PDLC windows in the ‘‘on’ 

and ‘off’ states. 

 

Figure 5.4a shows the specular transmittance versus wavelength for both devices in the on and off 

states.  85 V was selected as the on state voltage as according to Figure 5.3c the transmittance of 

both devices is saturated at this voltage.  The transparency difference at 550 nm between the on 

and off states for the nanowire-based device, ΔTon-off, is 57.3% (58.5% in the on state and 1.2 % 

in the off state).  ΔTon-off for the ITO-based device is 46.4% (50.5% in the on state and 4.1% in the 

off state). The higher transmittance in the on-state and the lower specular transmittance in the off-

state of the nanowire-based device are desirable attributes for use as smart windows.  

The 8% higher transmittance of the nanowire-based device in the on-state cannot solely be 

explained by the higher transparency of the two nanowire electrodes alone, as each nanowire 
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electrode has only a 2.5% higher transparency than ITO.  The higher transmittance is likely also 

due to less light being scattered at each nanowire electrode compared to the ITO case.  ITO has an 

index of refraction of 1.9 [4]. Because this is higher than the refractive index of PET (n = 1.6 [126]) 

and the PDLC layer (n = 1.5 [127,128]) some light will reflect at each of the two PET/ITO and 

ITO/PDLC interfaces.  The nanowire film, on the other hand, only covers 10% of the PET surface 

and thus it is expected that less light would reflect and refract at the PET/nanowire-film and 

nanowire-film/PDLC layer interface. To confirm this hypothesis, the effective refractive index of 

the ITO/PET/air layer was calculated using transmission line theory relations:  

𝜂0

 𝑛𝑡𝑜𝑡𝑎𝑙
=  𝜂2 =  𝑍𝐼𝑇𝑂  

𝜂1 + 𝑗𝑍𝐼𝑇𝑂 tan (𝛽𝐼𝑇𝑂 𝑙𝐼𝑇𝑂)

𝑍𝐼𝑇𝑂 + 𝑗𝜂1 tan (𝛽𝐼𝑇𝑂 𝑙𝐼𝑇𝑂)
 

 Where 𝑛𝑡𝑜𝑡𝑎𝑙 is the effective refractive index, 𝜂0 is impedance of free space, 𝜂1 is the calculated 

impedance of the PET film with 125 µm thickness, 𝜂2 is the relative impedance of the multiple 

layer of ITO/PET/air, 𝑙𝐼𝑇𝑂 is thickness of ITO film (130 nm), and 𝑍𝐼𝑇𝑂 is the impedance of ITO 

with a value of 198 ohms.  The results of the calculation at the wavelength of 550 nm showed that 

the 𝑛𝑡𝑜𝑡𝑎𝑙 = 1.75 for ITO/PET/air film. However, this value for PET/air film is 1.59.  

The slightly higher transmittance of the ITO-based device in the off-state may be because some of 

the light backscattered by the PDLC is internally reflected at the first ITO/polymer interface and 

gets transmitted forward.  

Figure 5.4b shows the light incident on the two types of devices that is reflected backwards toward 

the light source. The difference of reflectivity in the off and on states for the nanowire-based device 

is 14.3% (23.6% in the off-state and 9.3% in the on-state), while for the ITO device it is 9% (15.5% 

in the off-state and 6.5% in the on-state). A higher modulation range is advantageous for solar gain 

applications. The higher reflection of the nanowire-device is likely because metals are reflective 
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and do not absorb much visible light. ITO on the other hand will absorb up to half of the 

untransmitted light in the visible range [129]. 

By decreasing the density of the nanowires on the electrode, a higher transparency is obtained with 

a trade-off of a higher sheet resistance. PDLC smart windows fabricated using silver nanowire 

electrodes with a sheet resistance of 100 Ω/sq were also tested. These devices worked successfully 

with on and off transmittances of 63.5% and 1.1%, respectively (ΔTon-off=62.4%). If a lower sheet 

resistance is required to minimize the voltage drop across the electrode, a higher density of 

nanowires can be used. 

The PDLC device fabricated using nanowire electrodes operated successfully when the device was 

bent to a radius of curvature of 20 mm, and thus these devices can be formed onto curved 

geometries. Although the silver nanowire electrodes themselves can be bent to lower radii of 

curvature without degradation, and maintain their sheet resistances after repeated bends the 

flexibility of the PDLC device is limited by the PDLC layer. The PLDC layer delaminates from 

the electrodes at low bending radii or after repeated bends. 

5.1.4 Conclusions 

In summary, silver nanowire electrodes are a viable alternative to ITO for use in PDLC smart 

windows.  The material and fabrication costs of silver nanowire films are lower than ITO and 

enable superior optical transparency performance. The transparency of nanowire PDLC smart 

windows can be modulated over a larger range, with ΔTon-off= 57% versus ΔTon-off= 46% for the 

ITO-based devices. A lower voltage supply is required to operate the nanowire-based device since 

its on-state can be reached 15 V lower than the ITO-based device. The presented results support 

the use of nanowire electrodes to both increase performance and lower the cost of PDLC-based 
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smart windows. Furthermore, these results support the use of nanowire-based electrodes for a 

range of other liquid crystal and smart window technologies. 

5.2 Conformal and Transparent AZO/Ag Nanowire Composite Electrodes for 

Flexible 3-Dimensional Nanowire Solar Cells   

3-Dimensional nanowire solar cells are interesting structures that achieve a high power-conversion 

efficiency (PCE) by enabling short minority carrier extraction distances and higher optical 

absorption. In this study, disordered ZnO nanowires were grown on glass and plastic substrate and 

then a multiple layer of p-i-n doped a-Si:H and Al-doped ZnO (AZO) were deposited on the ZnO 

nanowires using plasma-enhanced chemical vapour deposition (PECVD) and sputter-coating to 

fabricate 3-D nanowire solar cells. This structure was supposed to have enhanced performance 

compare to the planar structure. However, the poor contact of the AZO to the Si layers prevented 

a significant improvement of performance. This is due to the fact that with the PVD deposition 

method, disordered nanowires shadow materials deposition, and therefore most side walls of the 

nanowires could not be coated with AZO. To solve this contact problem in a collaborative study, 

a film of silver nanowires was deposited after the AZO deposition to enable a conformal contact 

structure for the top electrodes while maintaining high optical transmission. The schematic of the 

nanowire solar structure is illustrated in Figure 5.5a. 
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Figure 5.5. (a) Schematic of the nanowire solar cell device. (b) SEM image of Ag NWs coated on nanowire solar cells 

after anneallingat 200ºC. Scale bar is 1 µm. SEM image curtesy of Minoli K. Pathirane. 

 The efficacy of the Ag NW contact was found to be a function of the annealing temperature. An 

annealing temperature of 200ºC was found to be optimal to conformably coat the 3-D structures 

(as shown in Figure 5.5b) and minimize the NW sheet resistance, Rsheet. The composite top 

electrode in the nanowire solar cells fabricated on glass substrates helped improve the total PCE 

to 6.3% compared to 3.9% from the nanowire solar cells that only used AZO electrodes. The 3-D 

devices on polyethylene naphthalate (PEN) substrates showed a PCE improvement to 5.5% with 

the top composite film compared to 4.0% with only AZO electrodes. The increased PCE values 

achieved is attributed to the increased absorption that occurred by enhanced light scattering from 

the Ag NWs and more efficient carrier collection by the composite electrode. This is another 

example of the application of silver nanowire transparent network in devices that can be use to 

enhance the performance of the existing devices.  More detail about this study can be found in 

detail in Minoli Pathirane’s thesis published recently, [130] and our paper [131].   
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Chapter 6                                                          

Growth of nanocubes on silver nanowires 

During the annealing process of silver nanowires during fabrication and for stability studies, we 

observed the formation of nanocubes with sharp edges that attracted our attention. We studied the 

growth of these nanostructures further to find the composition of the nanocubes and the important 

parameters that affect their size and density. This investigation resulted in developing a method of 

growing nanocubes on nanowires as a unique hybrid structure. In this chapter, the growth of AgCl 

nanocubes directly on the sidewalls of Ag nanowires is demonstrated. The nanocubes can be 

simply obtained through extended low temperature annealing of polyol-synthesized silver 

nanowires in vacuum. The length of time and temperature of the anneal and the diameter of the 

nanowire affect the size and density of the nanocubes obtained. It is hypothesized that the AgCl 

material is supplied from reactants leftover from the silver nanowire synthesis. This novel hybrid 

nanostructure may have applications in areas such as photovoltaics, surface enhanced Raman 

spectroscopy, and photocatalysis. The results of this study have been published in the journal 

“Nanotechnology” in September 2015. 

6.1 Introduction 

The crux of nanotechnology is exploiting the unique properties that arise when material feature 

sizes are on the order of or smaller than ~100 nm. The size, shape, and composition of 

nanostructures can all significantly affect their characteristics[132–141]. For example, the size of a 

nanostructure can lead to changes in surface energy, electronic band structure, thermal 

conductivity, among many other properties[142–147]. Because of this, a multitude of nanostructures 
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such as spheres, wires, cubes, plates, and polyhedral of varying sizes have been synthesized and 

studied over the past couple of decades [132–134]. 

Integrating more than one shape, feature size, and/or material into one hybrid nanostructure can 

impart increased functionality [148–154]. In this work, nanocubes are grown on the surface of 

nanowires. Nanowires, unlike nanocubes and nanoparticles, have one long dimension. This long 

axis can be used to transport electrical current and heat, it makes nanowires easier to contact for 

use in devices, and it allows for a connected network to be achieved at a far lower particle density, 

the latter which is useful for applications such as transparent electrodes. By adding nanocubes on 

nanowire sidewalls, the advantages of nanocubes can be combined with nanowires such as their 

larger surface-area-to-volume ratio and surface plasmon resonance at different wavelengths than 

the nanowire. Furthermore, if the nanocubes and nanowires are different materials, the properties 

of each material can be exploited and combined in a useful way. Nanowires with nanoparticles on 

their surface have been used in applications such as sensors, catalysts, and photovoltaics [149–151]. 

There exist several methods of decorating the surface of nanowires with nanoparticles or 

nanocubes. The nanowire is first synthesized and nanoparticles are then grown or attached on their 

sidewalls through methods such as chemical vapour deposition or solution synthesis [155,156]. For 

example, for surface enhanced Raman spectroscopy (SERS) applications, silver nanocubes were 

attached onto silver nanowires by mixing pre-synthesized individual nanocubes and nanowires 

together in solution [157]. However, the spatial orientation of the nanocubes with respect to the 

nanowire sidewalls was not controllable. This is not ideal since the maximum surface plasmon 

resonance happens when the face of a nanocube is flat against the sidewall of the nanowire [157]. 

In another report, silver phosphate cubes were grown around silver nanowires in solution. The 
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average edge length of the cubes however was 500 nm, 10 times larger than the diameter of the 

nanowire and too big to be used in nanoscale applications [158]. 

In this chapter we show for the first time that nanocubes can be synthesized directly on the 

sidewalls of a metallic nanowire through a simple anneal in vacuum. This is also the first report of 

AgCl nanocube/Ag nanowire hybrid structures. The size and density of the nanocubes are 

controlled through the annealing temperature and time. The cubes lie flat against the nanowire 

facets and are likely epitaxial. These structures have many potential applications. Firstly, the 

nanocubes increase the surface area of the nanowire which is beneficial for catalytic, sensing, and 

antibacterial applications [159,160]. Secondly, films of silver nanowires have been used as substrates 

for SERS applications to increase signal intensity [161]. The addition of nanocubes on their surfaces 

can further enhance the SERS signal [162], which improves sensitivity of detection. Thirdly, films 

of silver nanowires are a promising transparent electrode for use in photovoltaic devices [40]. 

Having nanocubes on the nanowire surfaces may increase light absorption in a thin-film solar cell 

due to increased light scattering, as has been shown to be the case when nanoparticles are added 

to the transparent electrode of solar cells [163–165]. Fourthly, the nanocubes are silver chloride which 

is a visible-light driven photocatalyst useful for water splitting and the decomposition of organic 

pollutants[166,167]. Their attachment to a silver nanowire can enhance their photocatalytic 

performance since the silver can promote charge separation and transport generated electrons 

[160,168,169]. In addition to these potential applications, this communication helps to explain why 

many groups observe nanoparticles on silver nanowires in transparent electrodes [170,171]. 

6.2 Experiment setup 

Poly(vinylpyrrollidone) (PVP) directed polyol synthesis is a solution-based method that can be 

used to synthesize crystalline silver nanostructures of various well-controlled shapes. In this 
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method, a mixture of AgNO3 and ethylene glycol (EG) is gradually added to a solution containing 

EG with PVP and NaCl and is heated to 170 °C. Depending on the concentration of AgNO3 and 

the molar ratio of AgNO3 and PVP, various shapes such as nanocubes, nanowires, spheres, and 

triangular plates can be obtained. For silver nanowire synthesis, the resulting nanowires have a 

pentagonal cross-section, with 5 {100} sidewalls [22,172].  

In this study, two different sizes of polyol-synthesized silver nanowires dispersed in ethanol were 

commercially obtained; ones with an average diameter and length of 90 nm and 15 µm, 

respectively (Blue Nano Inc., Charlotte, NC), and 200 nm and 25 µm, respectively (ACS Materials 

Inc., Medford, MA). Silicon wafer chips were cleaned in a sonication bath with ethanol, acetone 

and distilled water, each for one minute. The as-received nanowires were diluted with ethanol and 

drop cast onto the Si. They were then annealed in low vacuum for various lengths of time, ranging 

for 3 to 14 days, and at temperatures ranging between 100 °C to 150 °C. Scanning electron 

microscopy (SEM) images were taken of the samples before and after annealing. The average 

density and size of the nanocubes were calculated from these SEM images by measuring a 

minimum of 100 nanocubes for each experimental condition. Transmission electron microscopy 

(TEM) samples were prepared by mechanically rubbing the silver nanowires from the silicon wafer 

onto TEM grids. Energy dispersive X-ray spectroscopy (EDS) spectra were collected to determine 

the chemical composition of the nanocubes and nanowires. 

6.3 Results and discussion 

An SEM image of the 90 nm silver nanowires before annealing is shown in Figure 6.1(a). The 

sidewalls of the nanowires are smooth. After annealing for 3 days at 100 °C (Figure 6.1(b)), 

nanocubes of various sizes are observed on the surface of the nanowires. All cubes appear to have 

smooth facets and sharp corners. Almost all are oriented such that a cube face lays flat against the 
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nanowire sidewall, and with cube edges aligned parallel to the nanowire axis. Their edge lengths 

range from 20–120 nm. After annealing for 7 days (Figure 6.1(c)), the nanocubes are larger, with 

edge lengths ranging from 40–200 nm, but are less dense than with the 3 day anneal. In general, 

as shown in Table 6.1, as the nanowires are annealed for longer times the obtained nanocubes are 

larger and less dense, likely because of the increased time for Oswald ripening to occur.  

The nanowire diameter also affects the size and density of the nanocubes. An image of 200 nm 

diameter nanowires annealed for 7 days at 100 °C is shown in Figure 6.1(d). In general (Table 

6.1), nanocubes obtained on the larger diameter nanowires are larger and less dense compared to 

those on thinner nanowires. 

 

Figure 6.1 90 nm diameter silver nanowires before (a) and after annealing at 100 °C for 3 days (b) and 7 days (c). 

(d) 200 nm diameter nanowires after annealing at 100 °C for 7 days 
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Table 6.1. Density and average size of the nanocubes on nanowires after annealing at 100 °C. 

 

 

The nanowires were also annealed at temperatures of 125 °C and 150 °C. Similar to increasing 

annealing time or nanowire diameter, higher temperatures also led to larger and less dense 

nanocubes. However, even at 125 °C the nanocubes had average edge lengths of more than 500 nm 

after 3 days. This large size is not as attractive for nanoscale applications and thus 100 °C is a more 

preferable annealing temperature. 

EDS spectra of 90 nm nanowires annealed for 7 days at 100 °C in vacuum are displayed in 

Figure 6.2. In Figure 6.2(a), the electron probe was focused on a section of a nanowire away from 

a nanocube. Other than carbon, only silver was detected. When the probe was focused on a 

nanocube (Figure 6.2(b)), the spectrum contained an additional peak corresponding to chlorine. 

This suggests that the nanocubes are AgCl, since AgCl is the only compound occurring in the 

silver-chlorine system. Moreover, it is known that AgCl nanocubes form in the presence of Ag+, 

Cl-, and PVP (more discussion on this later). Attempts at TEM imaging and the collection of 

diffraction patterns to characterize the morphology, lattice structure, and the epitaxial relationship 

of the nanocubes to the nanowires were made. However, the nanocubes quickly decomposed upon 



87 

 

exposure to the electron beam preventing such characterization. This decomposition and the 

inability to image AgCl nanocubes in the TEM has been reported by others [173,174]..   

 

Figure 6.2 Energy-dispersed X-ray spectroscopy (EDS) spectrum from (a) a portion of a silver nanowire away from 

a nanocube and (b) a nanocube on a nanowire. 

 

In the polyol synthesis of silver nanowires, silver ions (Ag+) bond with chlorine ions (provided 

by NaCl) and form AgCl nanocrystals to control the growth rate of the silver nanostructures [177]. 

Some AgCl nanocrystals remain in the solution after the synthesis of the nanowires is 

terminated. When the nanowires are deposited on the Si substrate, the solvent evaporates and the 

AgCl nanocrystals remain on the surface of the nanowires and the substrate. It is worth noting 

that EDS spectra taken from localized points on unannealed silver nanowires do not show a Cl 

peak [78,175,176], which gives some evidence that the Cl is held in nanocrystals rather than existing 
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as a residue everywhere on the nanowire.  Elevated temperatures facilitate the diffusion of these 

nanoparticles. We hypothesize that the nanocubes form because of Oswald ripening of these 

particles, and the cubic shape is due to the presence of PVP which selectively binds and 

stabilizes the {100} surfaces of AgCl [160]. It has been shown that when AgCl particles are 

synthesized in solution by mixing AgNO3, NaCl, and PVP and heating the solution to 80 °C, 

AgCl nanocubes with {100} sidewalls are obtained [160]. As mentioned above and can be seen 

more clearly in Figure 6.3, the nanocubes have sharp edges and their spatial orientation is not 

random, but rather lie flat on the {100} nanowire sidewalls with the cube walls parallel to the 

nanowire axes. Thus it is likely that the nanocubes are epitaxially related to the nanowire. If the 

cube faces are {100}, as is the case for all AgCl nanocubes in the literature [160,178,179], the cube 

edges are thus along the <100> directions. The axes of polyol synthesized Ag nanowires are 

<110> [180]. The {100} planes of the AgCl and Ag are thus rotated in-plane 45 degrees with 

respect to one another and in this orientation, there is only a 4% lattice mismatch. 

Further investigation is required to determine the mechanism of nanocube formation. Nanocubes 

were only observed on the nanowires and not on the Si substrate. This may be because the Ag 

nanowires promote nanocube growth in some manner, or merely because silver has a higher 

surface energy than the SiO2 surface on the silicon substrate and growth and diffusion are easier 

on higher energy surfaces [181]. The nanowire sidewalls being {100} may be particularly favorable, 

because not only are they not the lowest energy plane of an FCC material like Ag, but also because 

AgCl(100) has a much larger lattice mismatch with Ag(110) and Ag(111) planes making epitaxy 

on these planes unlikely.   
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Figure 6.3 Nanocubes with sharp edges lie flat on the surface of silver nanowires, with sidewalls parallel to the 

nanowire axis. These nanocubes were obtained by annealing 200 nm diameter nanowires at 100 ºC for 3 days. 

To investigate the effect of leftover components from the nanowire synthesis solution, some 

nanowire samples were washed with acetone before annealing. Annealing the washed nanowires 

at 100 °C for 7 days did not result in any nanocube formation which is likely due to the absence 

of any AgCl nanocrystals. Unwashed silver nanowires were also annealed in air rather than in 

vacuum. Annealing at 100 °C in air for 3 days resulted in the formation of irregularly shaped 

nanoparticles on the nanowire sidewalls as well as a few long rectangular prisms with edge lengths 

of up to 1 µm. The irregular shapes may be due to the absence of PVP for shape control, as PVP 

decomposes in air below 200°C in less than one hour, and would be expected to decompose at 

lower temperatures at longer annealing times [182]. The irregular shapes may also or instead be due 

to the reaction of silver with oxygen and sulfur atoms in the air [42]. 

6.4 Conclusions 

This study shows that AgCl nanocubes can be synthesized on the sidewalls of silver nanowires 

with a simple annealing process in vacuum. The size and density of the nanocubes are dependent 

on the temperature and length of the anneal, as well as the diameter of the nanowires. The presence 

of nanocubes on the nanowires could add extra functionality and future work will involve testing 

them for applications. 
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Chapter 7                                                      

Summary and Future work 

7.1 Summary 

The main theme of this theses is the development of silver nanowire transparent electrodes for 

device applications including flexible devices. Silver nanowire electrodes were fabricated and 

shown to have superior electrical and optical properties than ITO-coated PET, in addition to being 

lower cost and more mechanically flexible. Major concerns associated with the use of silver 

nanowire in device applications were studied. In chapter 3, high surface roughness and weak 

adhesion of silver nanowires to their substrate are addressed by a simple hot rolling method. This 

method not only decreases the surface roughness of the nanowire electrodes but also increases the 

adhesion of silver nanowire to plastic substrate. The surface roughness and peak-to-valley values 

of the hot rolled electrodes were 7 nm (RMS) and 30 nm, respectively, compared to 14 nm and 90 

nm for an annealed sample. In chapter 4, the Joule heating problem in silver nanowire electrodes 

is studied as an overlooked problem in nanowire networks when they are operated under 

continuous flow of current. It was found both experimentally and through models that when 

conducting current at levels encountered in good quality organic solar cells, some nanowires in 

the network conduct such a high level of current that they heat up above 250 °C, leading to melting 

of the nanowire and the plastic substrate underneath.  Coating the silver nanowire electrodes with 

a passivation layer of reduced graphene oxide (RGO) increased the stability of silver nanowire 

under current flow and increased their lifetime. However, the RGO layer could not mitigate the 

Joule heating problem significantly. It was demonstrated that increasing the density of nanowires 
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or reducing the distance between metal bars to reduce current density should be two effective ways 

of managing the Joule heating problem.  

In chapter 5, silver nanowire electrodes were integrated into two devices. In the first project, silver 

nanowire electrodes were integrated into working polymer-dispersed liquid crystal (PDLC) smart 

windows as an alternative to ITO. Not only were the materials and fabrication costs of silver 

nanowire electrodes less than that of ITO, they also showed superior electro-optical characteristics. 

The transmittance of the nanowire electrode-based PDLC smart windows was both higher in the 

on-state and lower in the off-state compared to an equivalent device fabricated using ITO 

electrodes. Furthermore, a lower voltage supply is required to operate the nanowire-based device 

since its on-state can be reached 15 V lower than the ITO-based device. In the second project, 

silver nanowires along with sputter-coated Al-doped ZnO (AZO) thin-films were used as a 

composite transparent and conformal electrode for 3-D hybrid ZnO nanowire/a-Si:H p-i-n thin-

film solar cells. These cells achieved a short-circuit current density of 13.9 mA/cm2 with a fill 

factor of 69% on glass substrates, and a short-circuit current density of 13.0 mA/cm2 and fill factor 

of 62% on flexible plastic substrates. The power conversion efficiency of the 3-dimensional solar 

cells improved by up to 62% compared to using AZO electrodes alone due to the decreased contact 

resistance and improved coverage of the top electrode. 

In chapter 6, a method to grow AgCl nanocubes on silver nanowires through simple annealing is 

presented, with an investigation of the effect of annealing parameters on the size and density of 

the nanocubes. This novel hybrid structure can have potential applications in sensing and 

photocatalysis.  
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7.2 Future work  

7.2.1 Extend the stability of silver nanowires under current flow 

In chapter 4, it is shown that Joule heating can be a serious concern in silver nanowire electrodes 

used in organic solar cells and OLEDs. Mitigating this problem by increasing the nanowire density 

or decreasing the distance between metal contacts both would have a negative effect on the solar 

cell performance. An RGO passivation layer was used in this study, but it was not highly 

conductive due to the incompatibility of reducing agents of graphene oxide with silver nanowires. 

A more conductive passivation layer would help reduce both maximum current densities in 

individual nanowires and better spread out heat. One way of using a more conductive RGO layer 

is to put an additional layer of RGO directly on top of the PET so that the nanowires are sandwiched 

between two RGO layers. Because the bottom graphene oxide layer is deposited before the 

nanowires, it could be reduced with more efficient agents to achieve a conductive layer. In addition 

to lowering current densities, it would assist with heat dissipation from the surface of plastic 

substrate, which might prevent substrate melting and thus increase electrode lifetime.   

7.2.2 Integrating smooth silver nanowire electrodes into OLEDs  

A study is currently underway to integrate our low surface roughness electrodes into solution-

processed flexible OLEDs. This is a collaborative project with Dr. Alexander Colsmann and Min 

Zhang from the Karlsruhe Institute of Technology (KIT). Specifically, the impact of low surface 

roughness on the performance of the OLED will be compared to OLEDs using rougher electrodes 

(i.e. electrodes prepared in the usual method of annealing). Figure 7.1a shows the schematic 

structure of the OLED with silver nanowires used in the top and bottom electrodes. Figure 7.1b 

shows preliminary results of the OLED working under 15 volts, which shows that the surface 

roughness of the electrode is in an acceptable range and does not cause short circuit between two 
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electrodes. The effect of surface roughness on performance will be characterized, and the 

fabrication process will be optimized to achieve an OLED with high luminescence and low 

working voltage.  

 

Figure 7.1 (a) Schematic of the flexible transparent OLED using nanowire electrodes. (b) Working OLED under an 

applied voltage of 15 V.  

 

7.2.3 Applications of nanocube/nanowire structures 

In chapter 6, the simple growth of AgCl nanocubes on silver nanowires is shown. This unique 

structure can be developed further by finding ways of growing a higher density of nanocubes with 

controlled sizes and density. For example, adding a chloride salt during the growth process might 

help to increase the number of nanocubes. In addition, studies need to be done to test these 

structures in applications such as sensing and photocatalysis.  
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