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Abstract

Silver nanowire transparent electrodes have recently received much attention as a replacement
for indium tin oxide (ITO) for use in various electronic devices such as touch panels, organic
solar cells, and displays. The fabrication of silver nanowire electrodes on glass substrates with a
sheet resistance as low as 9 Q/o and 90% optical transparency at 550 nm is demonstrated. These
resistance and transparency values match that of commercially available indium tin oxide and are
superior to other alternatives such as carbon nanotube electrodes. The nanowire electrodes are
low cost and easy to fabricate. Moreover, by depositing nanowire films on plastic substrates,
mechanically flexible electrodes are obtained. The silver nanowire electrodes are integrated into

several electronic devices: transparent heaters, organic solar cells, and switchable privacy glass.

The concerns about the suitability of silver nanowire electrodes for use in commercial electronic
devices are discussed. High surface roughness, one of the major concerns, is addressed by
introducing a new method of embedding silver nanowires in a soft polymer. The instability of
silver nanowire electrodes under current flow is also demonstrated for the first time. It is shown
that silver nanowire electrodes fail under current flow after as little as 2 days. This failure is
caused by Joule heating which causes the nanowires to break up and thus create an electrical
discontinuity in the nanowire film. Suggestions for improving the longevity of the electrodes are

given.
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Chapter 1
Introduction

1.1. Transparent electrodes

Transparent electrodes are a crucial part of many electronic devices such as organic solar cells,
displays (e.g. Liquid Crystal Displays (LCDs)), touch panels, and transparent heaters.
Transparent electrode thin films are optically transparent to visible light and also electrically
conductive, and are used in applications where light needs to enter or leave a device. For
instance, in organic solar cells a transparent electrode acts as either an anode or cathode and
completes the solar cell circuit while at the same time lets visible light pass through the film to
generate charge carriers [1]. Figure 1.1a shows a schematic of an organic solar cell. In this
structure, indium tin oxide (ITO), which is a transparent conductive film deposited on a glass

substrate, is used as the anode of the device.

+ -
@) v (b)

Transparent electric conductive film
(ITO film)

Acrylic film

Separator dots

/ A \ Glass

Glass substrate

Figure 1.1 (a) Structure of basic unit of an organic solar cell [1]. (b) Structure of a resistive touch panel [2].



Transparent electrodes are also used in touch panels, as illustrated in Figure 1.1b [2]. This device
consists of two layers of transparent electrodes. Also on the market are transparent heaters, made
of transparent electrodes and used to remove frost from displays, cameras and also ski goggles in

cold environments. Figure 1.2 shows a commercial example of an ITO transparent heater [3].

Figure 1.2 An ITO transparent heater being used as a defroster [3].

The most common materials used for transparent electrodes are metal oxides, particularly ITO
which is the most popular material for transparent electrodes. ITO can provide highly transparent

electrodes (80-95%) with low sheet resistances (10-1000 Q/o).

Metal oxides are transparent because their band gap energies are larger than the energies of
photons in the visible range. The band gap of ITO, for example, is 3.8 eV [4]. Figure 1.3 shows
the optical spectra of ITO, which is typical for metal oxide transparent electrodes. The sample
with a sheet resistance of 10.98 Q/o in the figure is about 80% transparent at wavelengths
between 400 and 700 nm; in this region, film interference effects can be seen in both the
transmission and reflection spectra. High absorption below 300 nm wavelengths is due to the
band gap of the material. Above 1000 nm, transmittance decreases drastically which corresponds

to collective oscillations of conduction band electrons, known as plasma oscillations or plasmons

[4].
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Figure 1.3 Optical spectra of typical ITO transparent conductors including both reflection (R) and transmittance (T)

[5].

For a particular application, the transparency and sheet resistance of an ITO film can be
controlled through the film thickness [4]. Figure 1.4 shows that there is a trade-off between
transparency and resistance; lower resistivity films require a thicker ITO layer, which results in

lower transparency.
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Figure 1.4 Transmittance of ITO for different thicknesses (left). ITO film resistivity changes depending on its
thickness (right) [6].



In the last decade, the number 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 2013 [7]. In addition, new device technologies call for new features for transparent

electrodes like flexibility, easy fabrication processes, low cost and light weight.

ITO cannot meet all the new expected qualifications for the innovative next generation of
electronics. ITO has ceramic properties, so it is not flexible; a small amount of strain as low as 2-
3% can initiate cracks in ITO film on flexible substrates, which reduces electrode conductivity
and thus performance of the device dramatically [8]. Secondly, indium is a rare material and the
price of indium is volatile with an overall increasing trend [9]. Thirdly, the fabrication of ITO is
costly since it requires high temperatures and a high vacuum for control over the thickness and
doping concentration [9] Also, it is deposited by sputtering which can damage underlying layers
in the case of organic devices. Fourthly, ITO also 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 problems associated with ITO transparent
electrodes. For example, to make a flexible ITO transparent electrode, ITO has been laminated
onto flexible substrates like polyethylene terephthalate (PET), and ITO elements in various ratios
have been investigated to improve the mechanical properties of the film [9]. However, these
approaches not only add additional manufacturing cost but also reduce the optical and electrical
performance of such electrodes so they cannot compete in the current growing market.
Therefore, over the past decade many researchers have tried to find an alternative material to

replace ITO. So far they have made significant advances in introducing new potential candidates
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for transparent electrodes. However, each candidate has advantages and disadvantages and more
investigation is need before any of them can be used commercially. Current significant materials
for substitution are carbon nanotubes (CNTS), graphene, transparent conductive polymers, metal

grids, and random meshes of metal nanowires.
1.2. Carbon nanotube electrodes

The first CNTs were synthesized in 1990 [10]. A single carbon nanotube can have electron
mobilities higher than 100 000 cm?/V.s [11] and CNTSs have also been shown to have unique and
beneficial optical and mechanical properties [12-13]. Films of CNTs appeared in the mid-2000s
as a new material for transparent electrodes as illustrated in Figure 1.5 [9]. Although it was
thought they would be a suitable ITO substitute because of their high mobility, challenges

emerged for CNT films.

Figure 1.5 Single-wall carbon nanotube film [14]

The most important challenge relates to the conductivity of CNT films, which is limited by the
junction resistance where nanotubes overlap. These junctions between nanotubes have high
resistance in the range of 200 kQ - 20 MQ [11]; hence, the conductivity of CNT films is reduced
drastically compared to that of a single CNT. Some approaches have been introduced to reduce

the sheet resistance of the CNT films such as treating CNTs with acid and using longer CNTs



[9]. Figure 1.6 shows the sheet resistance vs. transmittance of a CNT film before and after acid
treatment [15]. However, films of CNTs still have much lower conductivity than conventional
ITO films. A related problem to the junction resistance is that CNTs can be either metallic or
semiconducting. In CNT fabrication, semiconductor and metal CNT are fabricated at the same
time so the CNT films consist of both types. The semiconductor nanotubes have much lower
conductivity than the metallic tubes [11] and so do not contribute much to the conductivity.
However, the semiconductor nanotubes absorb light and so reduce transparency. In addition,
metal/semiconductor junctions in CNT films create high contact resistance due to Schottky
barrier formation, resulting in higher sheet resistance [11]. Separating metal and semiconductor
CNTs or producing metallic only CNT are still serious challenges. Although some methods have
been introduced to separate metal nanotubes, they are expensive and not suitable for commercial

use [6].

As Prepared

Acld Treated

Sheet Resistance (OChm/sq)
8

10

40 50 60 70 80 90 100

Transmittance (% @ 550nm)
Figure 1.6 Sheet resistance versus transmittance for single-wall nanotubes (SWNT) films with varying thicknesses,
before and after acid treatment [15]. Although the acid treatment reduces the resistance of the films by reducing the
junction resistances, the overall sheet resistance of the films is still much higher than ITO.

The best results for CNT transparent electrodes are gathered in Figure 1.7 [16], and show a
significant progress in fabricating transparent electrodes based on CNTs during recent years.

However, most applications require lower sheet resistances and higher transparency than even



the best values shown in the plot and thus CNT films at this time are not a suitable replacement

for ITO [17-25].
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Figure 1.7 Sheet resistance vs. transmittance for the highest conductivity CNT films. References in plot [14-25].
1.3. Graphene electrodes

Graphene is a thin layer of carbon atoms bonded with sp2 orbitals. 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 in the order of a few

nanometers and thus, the graphene sheets are relatively transparent to visible light.

The major concern regarding graphene is that fabrication of a single sheet of graphene on a large
scale is difficult. More often, instead of a single sheet of graphene, networks of graphene flakes
are synthesized. These flakes result in very high sheet resistance, in the range of several kQ [9],
because there is a high contact resistance between flakes so the overall conductivity is low [26-

27]. Figure 1.8 shows the boundaries and contact areas that cause high resistivity.



Figure 1.8 A network of graphene flakes [25].

Figure 1.9a compares ITO and fluorine tin oxide (FTO), both widely used in electronics, with a
graphene flakes film of 10 nm thickness [28]. Although the conductivity of graphene sheets can
be in an acceptable range, the transparency of graphene is significantly lower than that of the
current commercial materials. It has been shown in Figure 1.9b that the transparency of graphene
films depends on the thickness of the graphene layer. As typical for transparent electrodes of any

material, thinner graphene film results in higher transparency but higher sheet resistance [29].
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Figure 1.9 (a) Transmittance of a ca. 10 nm thick graphene flakes film (red), in comparison with that of ITO (black)
and FTO (blue) [27]. (b) Transmittance spectra for thin as-produced graphitic films of various thicknesses [29].

Extensive improvements have been made in fabrication processes for graphene films and in
integrating them into electronic devices. Although researchers have introduced new methods of

fabricating a single sheet of graphene, such as the high temperature CVVD method, the cost of this



method is relatively high [29] and the sheet resistances in these single sheets are still not low

enough to be useful in most applications.
1.4. Conductive polymers

Transparent conductive polymers appeared in the mid 20™ century and attracted researchers’
attention because of their 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 [30]. The combination of Poly (3, 4-ethylenedioxythiophene) and poly
(styrene sulfonate), known as PEDOT:PSS, is one of the most common materials on the market

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.
Recently, Fujitsu company has used a type of polythiophene, which is more stable in air, for their
organic touch panels [30]. In addition to stability, another major problem is that the conductivity
of transparent 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 and nanostructured metals to enhance the conductivity [31,32].
1.5. Metal nanostructured electrodes

Because of the low conductivity of CNT films, graphene, and transparent conducting polymers,
metal nanostructures are an appealing alternative. Metals have the highest conductivity of all
types of materials. However, because of the very low transparency of metals to visible light,
fabrication of transparent metallic electrodes was not easy until recent decades. Since the
emergence of nanotechnology and nanostructured materials, fabricating transparent electrodes

9



using metallic structures has become easier. 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 [9].

1.5.1. Metal thin films and grids

Thin metal films with thicknesses on the order of a few nanometers are fairly transparent to
visible light, but they still have lower transparency than other materials for the same sheet
resistance. Figure 1.10 illustrates the sheet resistances and transparencies of Cr and Ni thin films
of various thicknesses [33]. In addition to the low transparency and conductivity values, metallic
thin film deposition happens at ultrahigh vacuum by DC sputtering, which has a high

manufacturing cost [9].
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Figure 1.10 Average optical transmittance vs. electrical resistivity for Cr and Ni films compared to unannealed and
annealed ITO films [33].

Metal nano-grids are patterned by complex fabrication processes such as electron beam
lithography. Figure 1.11 shows an example of a nano-grid structure. These structures can
provide sheet resistances of 6.5 Q/o with 95% transparency, values that are competing with the
performance of ITO [34]. However, high surface roughness, and the intricacy and cost of

fabrication are the major drawbacks of using metal nano-grid structures.
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Figure 1.11 Scanning electron microscopy (SEM) image of a silver grid transparent electrode, patterned by beam
lithography [34].

1.5.2. Metal nanowire electrodes

Metal nanowires are considered to be a 1D nanostructure; they have the shape of a wire, where
the diameter is typically less than 100 nm, and their length is 1 um or more. Metal nanowires
such as copper or silver can be synthesized in solution, and then deposited on transparent
substrates such as glass or plastic to create a random conductive mesh. These films are similar to
CNT films, except in this case all wires are metallic. The mesh transparency can reach 90% for a
sheet resistance below 10€2/0, which makes the transparency and conductivity similar to that of
ITO and thus suitable for transparent electrode applications [35]. Figure 1.12 show a random
network of transparent electrode based on silver nanowires with various densities of nanowires.
Sheet resistance and transparency of the films can be controlled by varying the density of the
deposited solution to get specific properties [35]. As is the case for most transparent electrodes,
there is a trade-off between transparency and conductivity: denser films of nanowires are more

conductive but less transparent.
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Figure 1.12 SEM images of Ag NW films with different densities. The different densities of Ag NW films lead to
different sheet resistances: (a) 100, (b), (c) 50, and (d) 15 Q /0. The diameters of the Ag NWs are in the range of 40-
100 nm [35].

Simple and cheap fabrication, high transparency, and low sheet resistance are advantages of
metal nanowire structures. And although silver is an expensive element, so little of it is used in a
nanowire film that material costs are lower than ITO. 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 silver nanowires can be deposited in atmosphere
using simple and inexpensive deposition methods like spin coating [36], spray coating [37], and
Meyer rod coating [35]. Silver is one of the most promising nanowire electrode materials since
silver has the highest conductivity amongst metals. Moreover, silver nanowire films can be
fabricated either at room temperature [38], or at low annealing temperatures [35], which make

them compatible with plastic substrates in producing flexible electrodes.

Figure 1.13 compares silver nanowire electrodes with other alternatives. So far, silver nanowire

electrodes show superior performance compared to graphene and CNTSs.

12



100 1

80

:\O\ < !

~— 60 ]

3 ] ¢

S 404 w o 5

73 ] = Al Graphene |

4 SWNTs |
20+ = AgNWs
i SRR A, A R
10" 10° 10' 10° 10° 10 10° 10°
Rs (Ohm/sq)

Figure 1.13 Transmittance as a function sheet resistance for three alternatives [39].

Copper nanowires are also being used for transparent conductors since copper is cheaper than
silver and has high conductivity. Reported copper transparent electrodes show superior
performance than CNTs but not as good as silver nanowires and ITO [40]. The main concern of
using copper nanowires

is their instability in air due to the fact that copper reacts with atmospheric oxygen and the
reaction speeds up at elevated temperature. Thus, the copper nanowires have to be annealed in a
neutral atmosphere like hydrogen tube furnace or vacuum furnace, which increases complexity
of fabrication processes, and also likely need to be passivated to prevent oxidation during the use

of the electrodes [41].
1.5.3.Synthesis of silver nanowires

Silver nanowires can be synthetized in solution with the polyol method. In this method, an
ethylene glycol (EG) solution of poly (vinyl pyrrolidone) (PVP) and NaCl is heated to 170 °C
and a mixture of AgNO3 and EG is added gradually. Adding AgNOs into the solution lead to
creation of Ag”, which results in formation of nanoparticles due to homogenous nucleation [42].
The PVP has a strong interaction with {100} facets and passivates these surfaces, which slows

down the addition of silver onto these surfaces. The interaction of PVP with {111} facets,
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however, is weaker. Thus, {111} facets grow faster in [110] direction [42], which results in a 1D
wire structure [43]. This method results in pentagonal shape silver nanowires, including a 5-fold
grain structure as shown in Figurel.14. The sidewalls are {100} planes. The two ends of the

nanowires are bounded by {111} facets [43].

Figure 1.14 Schematic illustration of silver nanowires grown in solution by the polyol method [43].

1.5.4.Silver nanowire electrode challenges

Although films of silver nanowires are inexpensive, flexible, and have desirable transparency
and conductivity values, there are some problems that need to be addressed before these
electrodes can be used in commercial devices. Firstly, the surface roughness of nanowire mesh
is too high to integrate it in many electronic devices. After the deposition process, some
nanowires stick out of the surface and some of them lie on top of each other which increases
surface roughness to a couple hundred nanometers [31]. Most applications need the surface
roughness to be much less. For example, because of the low mobility of organic materials, the
active layers in organic solar cells are quite thin (usually between 50 — 200 nm) and rough
electrodes cause shorting [1,44]. Recently, some methods have been introduced to reduce
surface roughness of the electrodes, like laminating silver nanowire films onto a soft material
and making a polymer-nanowire composite [35,45]. Figure 1.15 shows surface roughness of a
silver nanowire electrode before and after mechanical pressing. Although current methods have

reduced the surface roughness, more improvements need to be done to decrease it further to
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make those electrodes practical for organic solar cells and displays. The issue of surface

roughness will be addressed in my own work in subsection 2.5.
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Figure 1.15 (a) SEM image of a Ag NW network after mechanical pressing; AFM images of the Ag NW network
(b) before and (c) after pressing. The pressing significantly improves the smoothness. The surface roughness
decreases from 110 to 47 nm after mechanical pressing [31].

A second problem, which has not received much attention up to this point, is the stability of
silver nanowires over long periods of time. For example, silver is known to be susceptible to
electromigration, where the flow of current causes the gradual movements of ions in a conductor.
As illustrated in Figure 1.16, the flow of current through a silver nanowire can result in a void
and hillock structure on two ends. This particular study was carried out on single crystalline
nanowires [46], but the effects of this phenomenon have not been investigated for nanowires
synthesized by the polyol process, which have grain boundaries, and not for meshes of
nanowires. In addition to electromigration, it is also known that nanowires are unstable at
temperatures as low as 200 °C or perhaps even less [47]. In Chapter 3, | will report on the
results of experiments to access the stability of nanowire electrodes, report characterization
results which help determine the cause of the instability, and provide suggestions for improving

the stability of silver nanowire transparent electrodes.
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Figure 1.16 SEM image of electromigration effects due to current flow of 18-22 mA in single-crystalline silver
nanowires [46].

1.6. Organization of this thesis
A method of silver nanowire transparent electrodes fabrication is reported in Chapter 2 and the
electrode characteristics are discussed and compared with those of other reports. Results of a

new method to reduce the surface roughness are also illustrated in Chapter 2.

This thesis also contributes to this area by investigating the instability of silver nanowire
electrodes under current flow and investigates failure mechanisms (Chapter 3). Suggestions for
how these electrodes can be better designed for improved longevity are given. In Chapter 4, a
new application of silver nanowire, transparent heaters, is introduced. Lastly, | summarize my

work in Chapter 5 and give suggestions for future work.
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Chapter 2

Fabrication and characterization of silver nanowire

transparent electrodes

This chapter describes a method for fabricating silver nanowire transparent electrodes and shows
their optical and electrical characteristics. The performance of the fabricated electrodes is
compared to that of the other reports. Silver nanowire films flexibility is also discussed and a

new method of roughness reduction is introduced.

2.1 Introduction

2.1.1 Solution deposition methods

Solution synthesized silver nanowires are dispersed in an alcoholic solvent such as isopropyl
alcohol (IPA), ethanol or methanol and can be deposited on various substrates using solution
deposition methods. Figure 2.1 illustrates the various solution deposition methods that exist to
deposit solutions into thin films or patterns. Spin coating is the most popular method for lab-
scale samples due to its simplicity and reproducibility. However, for large-scale fabrication,
other methods like spray coating, doctor blade coating, or wire-wound metering rod (Mayer rod)
coating are more suitable and used more frequently in industry. Since transparent electrodes need
to be fabricated in large-scale eventually, | chose the Mayer rod coating method, which is
compatible with roll-to-roll techniques and more convenient for industry. 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
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Figure 2.1 Various solution deposition methods [48]
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Figure 2.2 shows the schematic of a Mayer rod. The diameter of the wound wire determines

the thickness of the deposited solution.
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Figure 2.2 Structure of a Mayer rod [49]

2.1.2 Transparency

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

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

object, which is usually shown in percentages. Transmittance of an object can vary in response to
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the wavelength of the incident light. Thus, when we report transmittance of an object the
corresponding wavelength needs to be mentioned. All transmittances stated in this thesis are 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. Specular
transmittance represents the transmitted light travelling in the same 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 2.3 shows a
schematic set up of a spectrophotometer for measuring specular transmittance. Diffusive
transmittance represents transmitted light scattered by the object. To measure this part, 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 2.4.

Light source Sample Detector

Figure 2.3 Schematic set-up of spectrophotometer for measuring specular transmittance
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Figure 2.4 Schematic set up of using an integrated integrating sphere to measure both diffusive and specular
transmittance [50]

For samples such as plain glass and ITO electrodes, diffusive transmittance is not significant
since they do not scatter light. However, silver nanowire electrodes do scatter a portion of the
incident light. Although scattered light results in hazy-looking electrodes, which are not good for
display applications, these electrodes can benefit solar cell applications by increasing the path

length of the incoming light, thereby increasing absorption and efficiency.
2.1.3 Sheet resistance

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

unit Q-cm represents the resistivity of a material. Resistance is related to resistivity through:
L
R = pm,

where L is the length of the sample, 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 unit /o (Ohms per square) and is given by
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So,

R=R,—

Thus, the total resistance of a film is proportional to the number of squares that can be drawn on
the conducting surface area. Figure 2.5 shows a top view of two typical 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 would be the same.
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Figure 2.5 Two resistors with the same sheet resistance and total resistance [51]
2.2 Fabrication of silver nanowire transparent electrodes
Silver nanowires dispersed in ethanol were purchased from Blue Nano Inc, with an average
diameter of 90nm and average length of 25 um. The solution of nanowires needs to be deposited
uniformly on a substrate. Proper concentration was found by diluting initial the as-received
concentration (10 mg/ml) into various lower concentrations and depositing them on the glass

substrates (Microscope cover glass purchased from Fisher Scientific, Inc). The 5 mg/ml solution
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is illustrated in Figure 2.6, and of those tested it provides the best uniformity and sheet resistance

on the substrates.

Figure 2.6 Silver nanowires solution with concentration of 5 mg/ml

Mayer rod size-10 and 20 were purchased from R. D. Specialities Inc. The size of the Mayer rod
represents the thickness of the deposited wet film. Uniformity of the deposited layer was better
for Mayer rod size 10, which made a wet layer with a thickness of 22.86 microns. Thus, 51
microliters of the solution is enough to make a layer of coating that covers the entire surface of a
50mm x 45 mm substrate. The required solution was dropped along one side of the substrate
using a pipette, and then the Mayer rod was rolled from one side to the other to distribute the

solution uniformly over the entire surface. Figure 2.7 illustrates the Mayer rod coating process

schematically and realistically.

Figure 2.7 (a) Schematic illustration of the Mayer rod coating method [52], (b) Mayer rod and glass substrates for

fabrication of transparent electrode
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The coated layer was dried in air for 5 minutes. Additional layers can be deposited after the first
layer to reduce the sheet resistance. Desired sheet resistance and optical transmittance can be
achieved by controlling the number of deposited layers. After deposition, the resistance of the
films was high because the overlapping nanowires were not in good contact with one another.
Therefore, the films were annealed to fuse the overlapping nanowire junctions, which greatly
reduced the sheet resistance. After testing several annealing temperatures and times, it was
found that annealing at 200 °C for 30 minutes resulted in the lowest resistance. Higher
temperatures or longer times caused the nanowires to break up and thus resulted in lower
resistances. After the annealing step, two strips of copper tape were applied to the two ends of
each electrode to facilitate measurement of the electrode’s resistance. Figure 2.8 illustrates an
electrode that has 4 deposited nanowire layers with a sheet resistance of 12 Q/o and 91%

transmittance at 550nm.
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Figure 2.8 (a) Fabricated silver nanowire transparent electrode (b) SEM image of silver nanowire film on glass
substrate
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2.3 Characterization of silver nanowire transparent electrodes

2.3.1 Transmittance and sheet resistance

The most critical characteristics of a transparent electrode are its sheet resistance and
transmittance. Sheet resistance of the electrode can be measured with either a 4-point probe
machine or a multimeter. In the latter method, sheet resistance is calculated by multiplying
measured resistance by the width to length ratio (W/I), according to the definition of sheet
resistance. For instance, resistance of the sample in Figure 2.8a is measured as 7.6 Q and the
WI/L ratio is 1.57. Thus, its sheet resistance is 12 Q/o. Both methods were used on several

samples and resulting sheet resistances were very similar.

Transmittance of the electrode was measured with a UV-2501PC Shimadzu spectrophotometer.
Specular transmittance can be measured using the default spectrophotometer setup. However, an
integrated sphere is needed to measure both specular and diffusive transmittances. Two samples
with various sheet resistances and transmittances were prepared by controlling the number of
deposited layers, and both their specular and their diffusive and specular (total) transmittances
were measured for comparison. Figure 2.9 shows spectra of the samples with various sheet
resistances either including (Figure 2.9a) or excluding their substrates (Figure 2.9b). A higher
concentration of silver nanowires on the substrates results in lower sheet resistance and
transmittance. In addition, as illustrated in Figure 2.9a, higher concentration leads to more
scattering of the incident light. In this case, the sample with sheet resistance of 65 Q/o scatters
about 6% of the incident light. However, this amount increases to more than 10% for the sample
with sheet resistance of 12 Q/o. This is because the lower resistance electrode has a higher

density of nanowires, and thus scatters more.

24



—> (specular + diffusive)

(specular)

70
/,— R=12 Q/1) (specular)
=== R=65 Q/c (specular)

50 + _=== R=65 Q0 (specular + diffusive)

Transmittance (%)
3

—— R= 12 Qo (specular + diffusive)

350 450 550 650 50 850

(b)

100

Wavelength (nm)

-
. v.‘.as.w---h.-.--’.wc"‘\ﬂ‘..}

PR U
90

80

0

Transmittance (%)

- =700/
60

G (2507

v
(=}

300 500 700 an)
Wavelength (nm)

Figure 2.9 (a) Transparency vs. wavelength of two silver nanowire transparent electrodes including the glass
substrates (transmittance of the plain glass is 91% at 550nm) (b) Transparency (specular + diffusive) of the
electrodes excluding the glass substrate (glass is used as a reference)

2.3.2 Data comparison

As mentioned, several alternatives have been introduced for ITO replacement. Figure 2.10
compares the characteristics of my silver nanowire electrodes with that of some of the alternative
materials and commercial ITO. 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
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nanowire transparent electrodes have better performance than the competing alternative materials

and match or are very close to commercial ITO.
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Figure 2.10 Transparency versus sheet resistance for several transparent electrode materials. The data for the silver
nanowire electrodes are from my own experiments and references for the remainder of the data in the plot is from
[53]-[57].

2.3.3 Cost of silver nanowire films

Silver is an expensive metal, however, the amount of the silver that is used for fabrication of a
silver nanowire electrode is not significant. The price of pure silver is about $0.4 for the amount
of silver used in one meter square of an electrode with a sheet resistance of 10 Q/o and 91%
transmittance at 550 nm. Because additional reactants, like ethylene glycol, are required to
synthesize silver nanowires, the cost to produce silver nanowires is more than the cost of silver
alone. The material cost of silver nanowire films with the same resistance and transparency as
stated above using commercial silver nanowire solutions (eg. from Blue Nano Inc.) is about $80

per meter square. However, if the nanowire solution is produced in the lab, the cost of silver
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nanowire synthesis is $32.58/g and thus, the material cost of the films would be $12 per meter

square for a 10 Q/o electrode, and less for electrodes with higher sheet resistances.

2.4 Flexibility of silver nanowire electrodes

Silver nanowires need to be deposited on a plastic substrate, such as PET or PEN, to enable
flexible transparent electrodes. PET films with 700 gauge (178 pum) thickness were purchased
from Dupont Teijin Films Inc. A solution of silver nanowires was deposited on the PET film as
described in the fabrication section. The electrodes were annealed at 100 °C for 30 min since
higher temperature can damage the PET substrate. Because this annealing temperature was lower
than the ideal temperature, the nanowire junctions were not well fused and the sheet resistance of
the PET electrodes was higher than that of glass after annealing. To reduce the sheet resistance,
the PET electrodes were pressed in a mechanical press. Several electrodes were prepared in the
same manner, and pressures of 10 MPa, 20 MPa, 30 MPa and 40 MPa were applied to the
different electrodes. It was determined that 30 MPa resulted in the lowest sheet resistances. A
film of silver nanowires with a sheet resistance of 9 /o and transmittance of 91% at 550 nm
was fabricated with this method, which is almost the same performance as the annealed silver
nanowire films on the glass substrates. To the best of our knowledge, this is the best performance

of flexible silver nanowire electrodes.

Several papers have shown the flexibility of silver nanowire transparent electrodes [58-60]. The
sheet resistance of spray coated and patterned silver nanowire transparent electrodes increased
more than 30% under a 120° and 140° bending angle, respectively [58-59]. However, our
samples show only 0-5% increase in sheet resistance under 140° bending angle and with bending

radius of 10 mm as it is illustrated in Figure 2.11. Once the sample is returned to its original flat
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state, the resistance returns to its original value. Moreover, the sheet resistance did not change
after bending 100 times. It can be concluded that the PET silver nanowire electrodes are

promising for flexible electronics.
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Figure 2.11 Resistance changes of flexible silver nanowire transparent electrode under a 140° bending angle (10

mm bending radius).

2.5 Surface roughness

As discussed in the Chapter 1, high surface roughness of silver nanowire electrodes is a major
problem. Atomic force microscopy (AFM) was used to measure the roughness of an as-deposited
silver nanowire electrode. The RMS (Root Mean Square) surface roughness was 60nm over 10
um x 10 um area. Figure 2.12b shows the height of the surface along a linear scan. At some
points, there are 3 nanowires on top of one another and since the nanowires have a diameter of

90 nm, the maximum peak-to-valley height was nearly 300 nm.
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(a) (b)

Figure 2.12 (a) AFM image of as-deposited film of silver nanowire (b) The height of the surface along a linear scan

To reduce surface roughness, | first tried to reduce surface roughness by pressing nanowires on
PET in the same manner as described in the last subsection. Figure 2.13 shows the electrodes
surface before and after pressing. Although surface roughness decreases more than 4 times after
pressing (in Figure 2.15), it is still far from the required smoothness for most of the applications.
For example, in most of the organic thin film electronics the RMS should be less than 10 nm and

the pick to valley distance must be less than 20 nm (depends on the thickness of the organic

layer).
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Figure 2.13 SEM image of a silver nanowire electrode (a) after deposition (b) after pressing.

This problem of nanowire electrode surface roughness has been addressed by other research

groups with two different approaches. One group used PEDOT:PSS, a transparent and
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conductive polymer, to fill the spaces between the nanowires [61]. Surface roughness was
successfully reduced, however, because of the high roughness of the nanowire film a
PEDOT:PSS thickness of more than 125 nm is required. At these thicknesses there is a
significant reduction in transparency due to the limited transparency of the conductive polymer.
The second approach is to deposit a non-conductive but transparent polymer on top of the
nanowire electrode, and then peeling off the polymer-nanowire composite [62].The

manufacturing of this method would be complex and costly, however.

| developed a new method to reduce the surface roughness of silver nanowire electrodes which
do not have the drawbacks mentioned in the previous paragraph. Like the second method
mentioned, | used a transparent and non-conductive soft polymer, either SU-8 or PMMA, to fill
the space between the nanowires. However, instead of depositing the polymer on top of the
nanowire electrode, the nanowire film was instead pressed into the soft polymer. The nanowire
film was embedded into the top surface of the polymer and thus the polymer did not have to be
conductive, nor did the polymer-nanowire composite have to be peeled off the substrate.
Because | was not restricted to using a conductive polymer, this allowed me to select a polymer
that was much more transparent than a conducting polymer such as PEDOT:PSS. A SU-8 layer

with thickness of 1mm has more than 95% transmittance at 550nm [63].

In this method, a soft polymer layer was spin coated onto a substrate, and then the coated film
was placed on a hot plate slightly below the baking temperature of the polymer. Thus, the coated
polymer was neither soft nor completely hard. In this condition, silver nanowires were deposited
on the substrate and then pressed in a mechanical press with a pressure of 30 MPa. Figure 2.14
shows the schematic of this process. This process results in embedding silver nanowires into the

polymer and reducing surface roughness dramatically
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Figure 2.14 Schematic of the embedding process of silver nanowires into a soft polymer film

Figure 2.15 shows AFM results for the pressed sample versus embedded nanowires. This surface
is smooth enough for many applications even though further optimization is needed to decrease

the roughness further to reach to the required roughness for thinner devices.

Figure 2.15 AFM image of pressed film of silver nanowire (left), and embedded silver nanowires on a soft polymer
(right)

2.6 Device integration

| used the fabricated silver nanowire electrodes in different devices and applications. In Chapter
4, silver nanowire electrodes are used as transparent heaters, which is a new application of these
electrodes. Moreover, the electrodes were used in organic solar cells as the anode layer at the top
of an inverted device as illustrated in figure 2.16. Leanne Murphy, a Master’s student from
Chemical Engineering department of the University of Waterloo helped me to make the device

and collected the required data. In this structure, light can be shone through both sides, which
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can enhance the efficiency of the solar cells and open the possibility for partially transparent

solar cells which could be used on windows for example.
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Figure 2.16 Photovoltaic device structure used for the fabrication of inverted devices.

Figure 2.17 shows the I-V curve of the solar cell for both sides. A fill factor (FF) of 25% and
power conversion efficiency (PCE) of 0.2% were obtained from the silver side of the device.
Although the initial results were not satisfactory and far from the ideal range, the fabrication
process was not optimized and was done only as a proof-of-concept. It shows that the silver

nanowire electrodes can be used in organic solar cells.
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Figure 2.17 1-V curves through the ITO side and the silver nanowire side of the top illuminated solar cells prepared
using silver nanowires and P3HT/PCBM

The silver nanowire electrodes were also used in switchable privacy glass by a group of

nanotechnology undergraduate students of University of Waterloo. In this device, a liquid crystal
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solution was injected between two pieces of glass coated with silver nanowire electrodes. The
transparency of the liquid crystal solution was altered by applying a voltage across the two

electrodes.
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Chapter 3

Instability of silver nanowire transparent electrodes

under current flow

In this chapter, we show that when silver nanowire electrodes conduct the current at levels
encountered in organic solar cells, the electrodes can fail in as little as two days. Electrode
failure is caused by Joule heating which causes the nanowires to breakup and thus create an
electrical discontinuity in the nanowire film. More heat is created, and thus failure occurs sooner
in more resistive electrodes and at higher current densities. Suggestions to improve the stability
of silver nanowire electrodes are given. These results were summarized in a paper submitted in

March 2013 [98].
3.1. Introduction

There are numerous reports about the promising device characteristics of organic solar cells
using silver nanowire electrodes [64,65]. Silver nanowires are known to oxidize and corrode
over a period of months in air [66], however, there are no studies on the stability of the nanowire
electrodes during use (i.e. when they are conducting current). In contrast to ITO where current
conducts throughout the entire area of the film, in nanowire electrodes electronic transport occurs
only through the metal wire pathways, and these nanowire pathways have diameters less than
100 nm. Because of this, although the current densities generated in organic solar cells are
relatively low (on the order of 10 mA/cm?, with the best performing devices generating about 17
mA/cm” [67]), the resulting current densities in the nanowires are very high. For example, if we
assume half the nanowires in 12 Q/o silver nanowire electrodes participate in current

conduction, a solar cell current density of 17 mA/cm” would result in an approximate current
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density in the nanowires of 4x10* A/cm” [68]. For comparison, this same current flowing
through a 250 nm thick ITO film results in a current density of 10* A/cm?, more than an order of

magnitude less.

In this chapter, it is shown that at current density levels incurred in organic solar cells, silver
nanowire electrodes fail in a matter of days. We report how parameters such as sheet resistance
and current density affect the time to failure, as well as characterize the electrodes to investigate

the failure mechanism.
3.2. Experiment

Silver nanowires electrodes were fabricated and characterized as described in chapter 2. To
investigate the effects of current flow through the electrodes, a DC power supply was used to
pass a constant current across the electrodes. Current was conducted until the electrodes failed,
which we define as the point when the DC power supply reached its maximum of 30 V and thus
could no longer maintain the constant current. The voltage across the electrodes and the surface
temperature were monitored continuously throughout the experiment using computer data
collection. For the temperature measurement, a flat leaf-style thermocouple was used. The
electrodes were soon afterwards imaged with SEM, for which a thin coating of gold on the
sample was required to prevent electron charging. Transmission electron microscopy (TEM)
samples were prepared by mechanically rubbing the electrodes onto copper grids overlayed with
ultra-thin amorphous carbon. Both bright-field images and energy dispersive spectroscopy

(EDS) spectra were obtained in the TEM.

For comparison purposes, additional nanowire electrodes were prepared but no current was

passed across them. Rather, one electrode was left in air and its sheet resistance was monitored
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over the period of one year. Other electrodes were annealed in an atmospheric furnace each at
various temperatures and times. These electrodes were imaged in the SEM at various stages to

see how the electrode morphology evolved throughout the annealing process.

3.3. Results and discussion

3.3.1 Electrode failure measurements

An SEM image of a prepared nanowire electrode is shown in Figure 3.1a. The transparency of
all electrodes was nearly constant across all visible wavelengths (Figure 2.9), as similarly found
by other groups [69,70,71]. The electrodes prepared for the stability experiments had sheet
resistances ranging from 12 Q/o (with a corresponding transparency of 91% at a wavelength of
550 nm) to 37 Q/o (with a transparency of 94% at 550 nm). Figure 3.1b shows the evolution of
the voltage and surface temperature of a 12 Q/0 nanowire electrode as 17 mA/cm?” of current was
passed across it. As was typical with all samples measured, the voltage (and therefore resistance)
gradually increased with time, and then suddenly jumped to 30 V once the electrode failed. The
power dissipated in the electrode is P = IV, so with a constant current and a gradually increasing

voltage, the surface temperature gradually increased over time as well until electrode failure.
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Figure 3.1 (a) SEM image of an as-prepared electrode. (b) Voltage and surface temperature of a 12 /0 sample
when a constant current density of 17 mA/cm?® was applied across the electrode
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Figure 3.2a shows that under a constant current density, electrodes with a higher sheet resistance
fail more quickly. Higher sheet resistance electrodes have sparser nanowire networks, and thus
the current density in the individual nanowires is higher than in lower resistance electrodes.
Joule heating is also higher in more resistive films, since P =IV = I’R. The surface temperatures
immediately preceding electrode failure of the four samples measured for Figure 3.2a, from the

lowest to highest sheet resistance, was: 55 °C, 70 °C, 100 °C, and 102 °C.
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Figure 3.2 (a) The number of days to failure versus sheet resistance, when conducting 17 mA/cm2 across samples
with different resistances. (b) The relationship between the number of days to failure and current density, as
measured with three different 30 Q/o electrode

Figure 3.2b illustrates that for nanowire electrodes with the same sheet resistance, a higher
current density results in a shorter lifetime. Similar to above, a higher current density results in
higher currents through the individual nanowires and more Joule heating. The temperature of the
electrode preceding failure for the three current densities applied in Figure 3.2b, from lowest to

highest current density, was: 50 °C, 74 °C, and 100°C.

In the comparison sample, where a nanowire electrode was left in air without current flow, the
sheet resistance only increased by 10% after three months. After one year, however, the

resistance was 6 orders of magnitude higher than its original value.
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3.3.2 Failure mechanism characterization

Typical SEM images of the electrodes after failure are shown in Figure 3.3. In contrast to the
smooth nanowire sidewalls observed in the as-prepared films, nanoparticles were now present on
the nanowire surfaces for the sample with a sheet resistance of 12 /0. The size of the created
nanoparticle are measured between 30-60nm from the SEM images. However, since the samples
are coated with a 20 nm thick gold layer, the actual size of the nanoparticle are smaller than they
appear. In some locations on the sample, as in Figure 3.3b, nanowires were broken up into
discontinuous segments. Enough nanowires in the electrode were broken up such that there was

no longer a continuous electrical pathway across the film.

Figure 3.3 SEM images of a silver nanowire electrode after a constant current density of 17 mA/cm” was passed
across it (a,b) for 17 days with a sheet resistance of 12 Q/o, and (b,c) for 17 hour with a sheet resistance of 36 Q/o
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Figure 3.3 ¢ and d shows SEM images of the electrode after failure with higher sheet resistance
under the same current density as the sample in Figure 3.3 a and b. In this case the shapes of the
nanowires are completely changed into spherical forms in some locations, which may be due to
the higher temperature resulting from the higher current density passing through individual

nanowires.

Although silver is susceptible to electromigration at the current densities and temperatures
encountered in these electrodes [72], the SEM images are not indicative of the voids and hillocks
that are characteristic of electromigration [11-14]. Rather, our study suggests that it is the
instability of nanowires at elevated temperatures which is the reason for the electrode failure. As
mentioned in the experimental section, nanowire electrodes were annealed at various
temperatures without current flow. Figure 3.4 shows SEM images of nanowire during annealing
for 17 days at 100 °C and 150 °C. Even at a temperature as low as 100 °C, nanoparticles formed
on the surfaces of the nanowires The samples annealed at 100 °C were removed from the furnace
every few days to take images throughout the annealing process. The resulting images show that
the size and density of nanoparticles increased with increasing annealing time. At 150 °C,
nanoparticles also formed and the nanowires eventually broke up into discontinuous segments

(Figure 3.44).
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100 nm

200 nm 500 nm

Figure 3.4 SEM images of silver nanowire electrodes annealed on a glass substrate for (a) 7 days, (b) 14 days, and
(c) 17 days at 100 °C, and for (d) 17 days at 150 °C.

In addition, silver nanowires were annealed at higher temperature for a short time to investigate
the effect of higher temperature on silver nanowire structures. Figure 3.5 shows optical
microscope images of the silver nanowires after annealing at 300 °C for one and half hours. The

nanowire were melted or turned into spherical shapes after a short time.

10 um o 10 um

Figure 3.5 silver nanowires annealed at 300 'C (a) for half an hour (b) for one and half hour.
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As noted in the section above, when current is passed through a nanowire electrode the
temperature is elevated due to Joule heating. Although the surface temperature of the electrodes
was around or below 100 °C while conducting current, the temperature of the nanowires
themselves are intuitively higher than the average surface temperature, particularly at the
resistive junctions where two nanowires overlap. The annealing experiments showed that
nanowire networks in air at modest temperatures are unstable; nanoparticles first form and then
the nanowires eventually break up and become electrically discontinuous. Thus, in the case of
current conduction, the temperature of the nanowires rise due to Joule heating and the instability
of the nanowires at these temperatures causes the electrodes to fail. Comparing the time to
failure of the 12 Q/o electrode under 17 mA/cm?® of current flow to the time for the nanowires in
the annealed samples to breakup, we estimate the temperature of the nanowires themselves in
this particular case was between 100 and 150 °C. In addition, the resulting structures of the silver
nanowire, annealed at 300 °C, are similar to the 36 Q/o silver nanowire electrodes under 17

mA/cm? of current flow, which failed after 17 hours (Figure 3.3d).

Elechiguerra et al. found that silver nanowires synthesized by the polyol method corrode in the
atmosphere [77]. Rather than corroding by reacting with oxygen, silver corrodes due to reduced-
sulfur gases present in the air. They observed that after three weeks, silver sulfide (Ag,S)
nanoparticles started to form on the surface of the nanowires and after six months, some of the
nanowires became discontinuous. In our experiments, nanoparticles and breakage occur much
faster. Corrosion is greatly enhanced at elevated temperatures [16]. EDS spectra were taken
from the nanoparticles decorating the surface of the nanowires after electrode failure (Figure
3.6). Other than the carbon and copper signals originating from the TEM grid, only silver and

sulphur were detected. The ratio of silver to sulphur content was 9:1. The presence of sulphur
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indicates that the electrodes may have failed due to the corrosion of the nanowires in the

atmosphere at the elevated temperatures caused by Joule heating.

Ag
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Figure 3.6 Energy dispersive spectrum of a nanoparticle formed on a silver nanowire after electrode failure. The x
indicates the location where the measurement was taken. Sulfur was detected in the nanoparticles indicating
corrosion of the silver.

Alternatively, or addition to corrosion, another reason for the breakup of the silver nanowires at
increased temperatures could be attributed to the high surface energy of the nanowires.
Nanowires have a large surface-area-to-volume ratio, and the sidewalls of the nanowires used in
the electrodes are all {110} planes [79], which are not the lowest energy planes in an FCC
material. At elevated temperatures, atomic diffusion is increased and kinetic limitations to
reconstruction can be overcome. Silver nanobelts and nanowires of other metals have been
shown to fragment at temperatures far below their bulk melting temperatures due to Rayleigh

instability [80], [81] and a similar phenomenon may be occurring here.

3.3.3 Relevance to nanowire electrode design

The experimental results indicate that steps must be taken to improve the longevity of nanowire
electrodes under current flow before they are suitable for use in organic solar cells. In a flexible
organic solar cell, the substrate underneath the transparent electrode is typically a plastic such as

polyethylene terephthalate (PET) or polyethylene naphthalate (PEN), and organic materials are

42



deposited on top of the electrode. PET and PEN are permeable to gas [82], as are many of the
common small molecules or polymeric materials in organic solar cells [83], and so these
materials will likely not prevent corrosion. Researchers are developing organic solar cell
materials with low permeability to gas [84,85]. Alternatively, encapsulation of the organic solar
cell [86,87] may prevent the corrosion of the silver nanowire electrode. Another option is to
passivate the silver nanowires with a conductive coating. Ahn et al. showed that a graphene
oxide coating, which is impermeable to gas molecules, reduced, but did not completely prevent,
the increase of sheet resistance of silver nanowire electrodes when annealed at 70 °C in high

humidity over one week [88]. A better passivation will likely be required.

Larger diameter nanowires would take longer to corrode, and also have smaller surface-area-to-
volume ratios and would thus be more stable at elevated temperatures. Another potentially
helpful strategy would be to synthesize and deposit films of silver nanowires which have low
energy {111} facets. Also, alternative metallic nanowires that are less susceptible to corrosion
could be considered, such as cupronickel nanowires [89]. Our results also indicate the
importance of keeping current densities low and using low resistance nanowire electrodes, which

are unfortunately less transparent.
3.4. Conclusions

The data in this chapter shows that at current levels generated in organic solar cells, silver
nanowire electrodes fail in an unacceptably short time. Electrodes with higher sheet resistances,
and electrodes subject to higher current densities, fail more quickly. The reason for electrode
failure is attributed to elevated temperatures caused by Joule heating. Design factors such as
passivation, electrode sheet resistance, and nanowire diameter need to be considered before

silver nanowire electrodes will be useful as an ITO replacement in organic solar cells.
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Chapter 4

Silver nanowire transparent heaters

In this chapter, silver nanowire transparent heaters are introduced as a new application of silver
nanowire electrodes. The performance and characterization of the transparent heaters are
illustrated and compared with conventional transparent heaters and other new alternatives. We
show that the heating performance of silver nanowire heaters is better than those of ITO and
CNT heaters, lower power is required to reach to the same surface temperature. Moreover, a

voltage as low as 6 V heats the surface up to 100 °C.
4.1 Introduction

Transparent heater films have applications in many areas 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 mentioned in previous chapters, because of the disadvantages of ITO like
high cost and brittleness, researchers are trying to introduce new transparent heaters based on

other materials such as graphene and carbon nanotubes [90-93].

In addition to their cost, flexibility, and ease of fabrication, the thermal conductivity and power
consumption of the heaters are also critical characteristics that need to be considered. ITO has
low thermal conductivity in the order of 8-12 W/m+K [94]. In comparison, silver has a thermal
conductivity of 400-440 W/m-K which is 50 times higher than that of ITO [95]. The thermal
conductivity of CNT and graphene are about one order of magnitude higher than that of silver,
and this high conductivity results in fast heating and cooling [95]. However, if a higher surface

temperature is required, the higher sheet resistance of graphene and CNT films necessitates that a
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higher voltage be applied or that a film with a low transmittance (and therefore lower resistance)
be used. Such is not the case with silver nanowire electrodes. A heater’s performance is
determined by calculating its power consumption for generating a particular surface temperature.

A high performance heater needs less power to reach the required surface temperature.

Silver nanowire transparent electrodes not only have relatively high thermal conductivity but
also have low sheet resistance and high transmittance. Thus, transparent heaters based on silver
nanowires can perform with very low voltages and provide high transmittance. Recently,
fabrication of silver nanowire transparent heaters has been reported elsewhere [96], which

preempted our efforts to publish the first report on this application but confirmed our results.
4.2 Experiment setup

Transparent electrodes with various sheet resistances were fabricated either on PET or glass
substrates with the size of 40 mm x 50 mm, as described in Chapter 2. For the PET samples, a
pressure of 30 MPa was applied to enhance the sheet resistance of the films, as mentioned in
Chapter 2. Figure 4.1 shows the schematic of experimental setup. A flat leaf-style thermocouple
was attached to the backside of the substrate (opposite side from the nanowire film) and the
temperature data was collected using a digital thermometer connected to a computer. The surface
temperature was recorded every second during the experiment. A constant voltage was applied
for 600 seconds across the copper strips using a DC power supply, creating a flowing current
which was also recorded. Then the power supply was disconnected from the electrode and

surface temperatures were still monitored to plot the cooling trend.
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The total transmittance (specular and diffusive) of the films were measured using an integrating
sphere and a spectrophotometer, and the sheet resistances were measured using either a multi-

meter or 4-point probe system, as described in Chapter2.

——l . [_!—
Silver nanowire film — — Cu electrode
Glass or PET |
Thermocouple
DC Supply Current meter

Thermometer

Figure 4.1 Schematic setup of experiment for measuring the transparent heater performance

The power consumption was calculated using the following equation:

where P is the power consumption in Watts, V is the applied voltage, and R is the film’s
resistance, which can be calculated by dividing the voltage by the recorded current. The equation
indicates that for the same power consumption, a lower sheet resistance results in lower required
voltage. Power densities were calculated for each sample by dividing the calculated power by the

surface area of the heater.
4.3 Results and discussion

Heating and cooling trends of the silver nanowire transparent heaters under various applied
voltages, on PET and glass substrates, are shown in Figure 4.2. This figure shows that almost all
of the heaters reach their steady state temperature after 200 seconds. In addition, Figure 4.2a
shows that the surface temperature of the heater on a PET or a glass substrate reached about 80

°C with a low voltage of 6 V. For comparison, the surface temperature of ITO and CNT film
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heaters with sheet resistance of 392 Q/sq and 356 Q/sq reached 31 °C and 85 °C under 12 V,
respectively [91,92]. A graphene film heater with a sheet resistance of 43 €/sq reached close to
100 °C at 12 V [92], which thus has better performance than that of ITO and CNT. However,
here we found that silver nanowire heaters’ surface temperature, with the same aspect ratio as
reported heaters, exceeds 120 °C at 12 V. Usually the required heat in most transparent heater
applications is below 100 °C, so for silver nanowire electrodes with an aspect ratio of 1.25 a

voltage of 6 V would be high enough.

According the reported results for ITO, a power of 0.03 W/cm” can heat the ITO film only to 31
'C [92]. For CNT heaters, a power of 0.65 W/cm” heated the film up to 55 °C [91]. Graphene
heaters perform better: for a HNOs-doped graphene heater, 0.08 W/cm” provides a surface
temperature of about 60 °C [92]. However, fabrication process of graphene electrodes is
expensive and complicated. Figure 2.2a illustrates that a power of 0.03 W/cm?, 0.07 W/cm® and
0.12 W/cm® in the silver nanowire films can respectively generate heat up to 43 °C, 60 °C and 87

°C, which are almost similar to the results achieved by graphene heaters and superior than ITO

and CNT heaters.
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Figure 4.2 Heating profile of the transparent heaters with 92% transmittance at 550 nm (a) on PET with sheet
resistance of 22 Q/sq (b) on glass with sheet resistance of 15 €/sq. The labelled voltages are the voltage applied
across the films and the power density is stated in brackets.
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As illustrated in Figure 4.2, the PET substrate heater reaches higher temperature with lower
power consumption than glass substrates with the same thickness, meaning that PET substrate
heaters perform better. The power densities vs. maximum surface temperature were plotted for
the PET and the glass substrates for different sheet resistances, as shown in Figure 4.3. This
figure confirms that for the same power density, PET heaters reach higher surface temperature.
This behavior might be due to the difference in thermal conductivity of the substrates; glass
thermal conductivity is about five times greater than that of PET [96,97]. Thus, heat is

transferred slower in PET, resulting in higher surface temperature.

Figure 3 also shows that for the same input power, the maximum temperature at a given power
density is higher for heaters with higher sheet resistance. We know that higher sheet resistance is
a consequence of a lower concentration of silver nanowires. Therefore, for a given input power,
each nanowire dissipates more power. According to the following thermodynamic equation,
higher power consumption results in a bigger temperature change
Q = mcAT

where Q is the consumed energy in Joules, and m and c are the mass of the nanowire and specific
heat capacity of silver, respectively. For the same power input to a sample with low sheet
resistance (due to a higher concentration of nanowires), the change in temperature of each

individual nanowire would be smaller.
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Figure 4.3 Maxiumum surface temperature vs. power density for nanowire heaters with various sheet resistances on
(a) PET and (b) glass.

Figure 4.4 shows the heating and cooling trend of silver nanowire transparent heaters with
various transmittances under a voltage of 6 V. As discussed in the previous paragraph, at a given
power density more resistive films (and thus more transparent films) reach higher temperature.
However, when the voltage is constant, as in this case, more current flows through the less
resistive films (lower transparency films) which draws more power and thus generates a higher
temperature. The sample with 90 % transmittance at 550 nm provides heat up to 100 "C, which is

promising for transparent heaters.
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Figure 4.4 Heating profiles of the transparent heaters on the glass substrates with various transmittances under
applied voltage of 6 V
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To investigate the long-term performance of the silver nanowire transparent heaters, a constant
voltage of 4.5 V was applied to a sample for four days and the surface temperature and resistance
of the film were monitored continuously. As illustrated in Figure 4.5 the surface temperature was
stable during the four days of the experiment. However, the instability of silver nanowires over

longer times needs to be considered for this application as discussed in the previous chapter.
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Figure 4.5 Temperature and resistance changes of a silver nanowire heater with a sheet resistance of 24 Q/sq during
4 days of applying 4.5 V across its terminals

4.4 Conclusions

This chapter has introduced transparent heaters as a new application for silver nanowire
transparent electrodes. Fabricated heaters resulted in better performance than ITO and CNT
heaters due to its lower power consumption and required voltage. Moreover, the heaters with
transmittances higher than 90% at 550 nm can generate temperatures of nearly 100 °C with a
voltage of only 6 V with power consumption of 0.12 W/cm?”. Thus, these heaters only need a low
voltage source (smaller batteries). In addition, when deposited on PET substrates, the transparent

heaters are flexible which opens up new application areas compared to traditional ITO heaters.
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Chapter 5

Conclusions and future work

5.1 Summary and conclusions

In this thesis, silver nanowire electrodes, which were fabricated by the Mayer rod coating
method, have been shown as a promising option for ITO film replacement. The characteristics
and performance of the electrodes have been illustrated and compared with alternative materials.
Silver nanowire electrodes show higher conductivity and transparency than other alternative
materials and exhibit performance similar to ITO films. Moreover, silver nanowire electrodes
with PET substrates have the same performance as the electrodes with glass substrates and show
high flexibility, less than 5% change in sheet resistance, under a 140" mechanical bending angle

and after several cycles of bending.

Concerns regarding the roughness and instability of silver nanowire electrodes were addressed.
Chapter 2 introduced a new method to reduce the roughness of PET silver nanowire electrodes
by embedding the nanowires into a soft polymer, a process that decreased the surface roughness
by more than one order of magnitude. In Chapter 3, the instability of the silver nanowires was
investigated under DC current flow. We have demonstrated that the silver nanowire electrodes
fail under the current flow after a short period of time. These results indicate that the failure of
the electrodes is due to the instability of the silver nanowires at elevated temperatures, which is

caused by Joule heating.
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The electrodes have also been integrated in different electronic devices, including transparent
heaters, organic solar cells, and switchable privacy glass. In Chapter 4, silver nanowire
transparent heaters are introduced as a new application of the silver nanowire electrodes. The
fabricated heaters perform better than the ITO and CNT heaters, consume less power to reach the
same surface temperature and need low applied voltage. The effect of sheet resistance on the
performance of these heaters is also discussed in this chapter. The surface temperature of a silver
nanowire heater with 90% transmittance at 550 nm wavelength, reached to 100" C under an

applied voltage of 6V
5.2 Future work

The study of silver nanowires and fabricated transparent electrodes can proceed in several
directions. I suggest a few important directions here. Firstly, further investigation should be
done on the instability of the solution-synthesized silver nanowires and possible ways to make
them more stable. We need methods of passivating the surfaces of silver nanowires with
conductive films so that the electrodes can operate over long lifetimes. Secondly, the silver
nanowire electrodes can be integrated in and optimized for various electronic devices. For
example, it is likely that the performance of organic solar cells using nanowire electrodes can be
improved by optimizing the fabrication process. Thirdly, although I presented a method to reduce
the surface roughness of the electrodes, for some applications the roughness needs to be reduced

further so an optimization of my process or a different process should be investigated.
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